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PREFACE

This publication is a bibliography with abstrac~ts of unclassified

reports on vehicle mobility published from 1945 through 1975 by the

U. S. Army Engineer Waterways Experiment Station (WES). Most of the

reports were prepared by personnel of or under contract to the Mobility

and Environmental Systems Laboratory (MESL) of the WES: some of the

reports were prepared by personnel of the Soils and Pavements Laboratory.

Indexes are included by subject, per~onal author, corporate author of

* contract reports, region, and military base. One part contains Document

* Control Data - R&D or Report Documentation Page data (DD Form 1473) that

include abstracts and other pertinent bibliographic information for each

report.

The reports include research and development material on ground

vehicle mobility and trafficE.jtiity of terrain as related generally to

military materiel and operations. The reports deal with vehicle charac-

teristics, vehicle-driver interactio~ts, vehicle-terrain interactions,

characteristics of the terrain over which the vehicle moves, and charac-

teristics of weather that influence terrain. The reports relate to

vehicle and soil test equipment, t~sts of prototype vehicles in the

field and their component parts in .he laboratory, and tes~ts of soil and

snow properties pertinent to trafficability.

The reports have been distributed primarily to the sponsor and

certain other agencies having an interest in the work reported. Most of

the reports, particularly those published prior to 1970, are out of

print. Avail,.vle copies will be furnished wichout charge to Federal

Government agencies on request until the supplies are exhausted. Reports

with AD numbers can be obtained by Department of Defense agencies from

the Defense Documentation Center; other agencies and individuals can

obtain copies from the National Technical Information Service (see

following paragraphs for additional information). Reports prefaced with

the footnote "Statement B. See Preface" are limited in distribution or

loan to U. S. Governmenc agencies only unless permission for release can

be obtained in special cases from the controlling office.



Library copies of the reports are available for loan from the WES

Library Branch to Department of Defense agencies. The library loan

privilege is e: ided to other Federal and state agencies, and except

for those reports restricted as described above, to scientific and

educational institutions and established engineering or industrial

firms. In such cases the loan period is usually limited to 30 days.

Private individuals not connected with the Department of Delanse can

usually arrange for library loan either through the main offices of

their business concern or by having their local libraries arrange for

interlibrary loan. Lending to persons outside the United States is not

encouraged because of the extended time periods involved and risk of

loss of publications in transit.

All matters concerning the distribution or loar of WFS publications

should be addressed to the Director, U. S. Army Engineer Waterlays

Experiment Station, ATTN: WESTV, Post Office Box 631, Vicksburg, Miss.,

39180. Matters concerning the technical content of the reports should

be addressed to the same address, ATTN: WESFV.

Except for a few reports, the WES no longer sells its publications.

Reports listed in this voltme having AD numbers can be purchased in

microfiche or hard copy from the National Technical Information Service,

U. S. Department of Commerce, 5285 Port Royal Road, Springfield, Va.

22161.

This bibliography was compiled by Mr. Marvin P. Meyer, Director,

Pavements and Soil Trafficability Information Analysis Center, Steno-

graphic assistance was provided by Mrs. Lottie Merritt, HESL. Miss

Virginia Dale and Mrs. Rosemary Peck, Technical Information Center

(TIC), assisted in organizing the Document Control and Report Document
Page data. Mr. Woodland G. Shockley, Chief of the MESL, and Mr. A. A.
Rula, Chief of the Mobility Systems Division, MESL, were responsible for

overall supervision of the work. Mr. Alan G. Skelton, Chief of the TIC,

supervised work conducted by TIC personnel. The U. S. Army Material

Development and Readiness Command provided funds for the report.

COL G. H. Hilt, CE, was Director of the WES, and Mr. r. R. Brown

was Technical Director during the report publication.
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PART I

LIST OF Rt2ORTS



Technical Memoranda

Number Date Title AD Number

Unnum- Sep 1945 TrafCicability af Soils
bered

3-240 Nov 194' Trafficability of Soils, Pilot Tests, Self-Propelled AD '03 278
%ehicles

Mar 1948 Supplement I Laboratory Test-- to Determine Efeects AD 108 :19
of Moisture Content and Density Varia-
tions

Aug 1948 Supplement ' Tafficability Studies - Fort Churchill, AD 108 280
Suwmer 194'

Oct 1948 Supplerent 3 Development ot Teýi ng Instruments AD 108 451

Apr 1949 Supplement 4 Tests on Self-Propelled Vehicles, AD 108 452
Yuma, Arizona, 1947

May 1949 Supplement S Analysis of Existing Data AD 108 453

Sep 1949 Supplerent 6 Tests on Self-Propelled Vehicles, AD 038 092
Vicksburg, Mississippi, 1947

Jun 1950 Supplement 7 Tests on Towed Vehicles, 1947-1948 AD 108 454

May 1951 Supplement 8 Slope Studies AD 108 455

May 1951 Supplement 9 Vehicle Classification

Jan 1954 Supplement 10 Tests on Natiral Soils with Self- AD 034 076
Propelled Vehicles, 1949 and 1950

Aug 1954 Supplement I1 Superseded by Supplement i6

Nov 1954 Supplement 12 Tests on Natural Soi s with Self- AD 052 206
Propelled VehiLies, 1951-1953

Nov 1955 Supplement 13 Pilot Study, Tests on Coarse Grained AD 08z 197
Soils

Dec 1956 Supplement 14 A Summary of Trafficab lity Stud,'s AD 121 975
Through 1955

34n 1959 Supplement 15 Tests on Coare-Grained Soils with AD 218 089
Self-Propelled and Towed Vehicles,
1956 and 1957

Aug 1361 us,'"ment 16 Soil Classification AD 265 743

May 1963 Supplement 1 rests on Coarse-Grained Soils with AD 409 691
Self-Propelled and Towed Vehicles,
1958-1961

Mar 1968 Supplemer: 18 Develop-rnt of Revised Mobility Index AD 832 912
Formula for Self-Propelled Wheeled
Veh:cles in Fine-Grained Soils, by
j.. Kennedy and E. S. Rush

Apr 1971 Supplement 19 Effects of Surface Conditions on AD 7Y3 406
Dratebar Pull of a Wheeled Vehicle, by

F. S. Rush and J. H. Robinson
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Technical Memoranda

Number Date Title AD Number

3-240 Apr 1974 Supplement 20 Development of Vehicle Performance Pre- AD 778 717
(Cont) diction Equations and C,assification

System for Coarse-Grained Soils, by
J. G. Kennedy

3-331 Forecasting Trafficability of Soils-

Oct 1951 Report I Meteorologica" ana Soil Data, Vicksburg,
Mississirsi 1948-1949

Jun 1952 Report 2 Meteorological and Soil Data, Vicksburg,
Mississippi. 1949-1951

Oct 1954 Report 3 The Development of Methods for Prediting
Soil Moisture Content'

Volume 1 Summary Report AD 053 867

Vo'ume 2 Prediction Sites at Vicksburg, Miss. AD 033 868

Volume 3 Prediction Sites at Other Locations and AD 053 869
Related Studies

Appendix Special Studies and Records of Soil AD 053 870
Moisture and Weather

Feb 1957 Report 4 Information for Predicting Moisture in the
Surface Foot of Various Soils

Jun 195Q Report 5 Development and Testing of Some Average AD 218 088
Relations for Predicting Soil Moisture

Jun 1963 Report 6 Azrphoto Approach'

Volume I AD 409 916

Volume II AD 410 212

Jun 1964 Report 7 A Pilot Study of Soils Subjected to Freezing AD 4S0 626
and Thawing

Dec 1967 Report 8 Variability of Physical Properties of Loess AD 82' 443
Soils, Warren County, Mississippi, by C. A.
Carlson and A. R. McDaniel

Jul 1968 Report 9 Water Table Study at Crossett, Arkansas, by AD 838 517
J. R. Bassett and M. P. Meyer

Jul 1971 Report 10 Relations of Strength to Other Properties AD 728 814
of Fine-Grained Soils and Sands with Fines,

Z by J. C. Collins

3-414 TrafitLabi!4ty of Snow:

L u 1955 Reorl Vehicies inSnow. A Critical Review of the
F State of the Art

Aug 1955 Report 2 Greenland Studies, 19S4 AD 082 188

May 1960 Re.-rt 3 Greenland Studies, 1955 and 1h57 AD 239 552

0ec 1960 Report 4 Tests on Subarctic Snow AD 266 508



Technical Reports

Number Date Subject AD Number

NCG 17 Jun 1969 Project TANK TRAP- A Field Evaluation of Nuclear AD 693 817
Teria in Barriers

3-462 Studies of Aeria! Cone Penetrometer.

Jul 1957 Report I I.aboratory Study of Mechanical Princ~ples AD) 138 265

Apr 1958 Report 2 Field Tests AD 1b1 067

Aug 1963 Report 3 Field Tests in Fine-Grained Soils, 1960 AD 450 613

Jun 1970 Report 4 Impact Velocity-Impact Force Investigations, AD 871 005
1968. by J. G. Kennedy

3-516 Deflection of Moving Tires

Jul 1959 Report 1 A Pilot Study on a 12x22.5 Tubeless Tire AD 219 384

Aug 1961 Report 2 Tests with a 12.00-22.5 Tubeless Tire on AP 265 742
Asphaltic Concrete, Sand, and Silt, 1959-1960

May 1965 Report ' Center-line Deflection Studies Through July AD blS 510
1963, by M. E. Smith and D. R. Freitag

3-545 Stresses Under Mov-ng Vehicles-

Report I in this series was published as Misceilaneou,
Paper No. 4-230

May 1960 Report 2 Wheeled 'ehicles (M135). Lean and Fat Clay. AD 238 9"3
19S7

Jul 1960 Rtport 3 Tracked Vehicles (M29C. D4, and D7) on Pat AD 241 337
Claý, 195S

Jul 1964 Report 4 Distribution of Stresses on an Unyielding AD 450 620
Surface Beneath Stationary and Towed Pneumatic
Tires

Jul 19oS Report S Distribition of Stresses Beneath a Towed AD 468 7:3
Pneumatic Tire in Air-Dry Sand, by A. J.
Green and N R Murphy

3-554 Jul 1960 Validation of Soil-Strcngth Criteria for Aircraft AD 241 546
Operations on Unprepa.ed Larding Strips

3-565 Tests with Rigid Wheels

May 1961 Report I Tests in Fat Clay. 1958 AD 2o6 SI0

3-588 Project Otter (Pverland Tiain Terrain Evalu.tion
Research):

Dec 1961 Report I Pretest Report AD 402 257

Feb 1965 Report 2 Test Report, by J. F. Shamburger and L. M. AD 613 16-
Duke

3-609 Aug 1962 Operation Swamp Fox I, Terrain and Soil TrafficabilitN AD 290 529
Observations
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Te~hnicai Reports

Numbez Date Title AD Number

5-6,5 May 1963 Environmencal Factors Affecting Ground Mobility in AD I1 528
Thailand; Preliminary Survey

Appeýzix A Results of Survey of Existing Data and AD 411 530
Literature

Appendix B Soil Classification AD 411 533

Appendix C Soil Trafficability tl) 411 S53

Appendix D Vegetation AD 411 531

Appendix E Surface Geometry AD 411 529

Appendix F Hydrologic Geometry AD 413 934

Appendix G Weather and Climate AD 411 532

Apptndix H Evaluation of Road Observations AD 411 535

1-639 Jan 1964 Strength-Moisture-Density Relations of Fine-Grained AD 450 623
Soils in Vehicle Mobility Researzh

3-641 Jan 1964 Trafficability Tests with the Marsh Screw Amplibian on AD 450 621

Coarse-Grained and Fine-Gratned Soils

3-652 Measuring Soil Properties in Vehicle Mobility Research-

Aug 1964 Repo-' I Stiength-Dens~ty Relations. cf an Air-Dry Sand AD 450 614

Oct 1965 Report 2 An Evaluation of the Rectangular Hyperbola AD 625 737
for Describing the Load-Deformation Response
of Soils, by N. R. Murphy

Nov 1970 Report 3 Effects of Velocity, Size and Shape of Probes AD 878 789
on Penetration Resistance of Fine-Grained
Soils, by G. W. Turnage

-- 1911 Report 4 k.lative Density and Cone Penetration Resis- AD 729 367
tance, by K.-J. Melzer

Jun 1913 Report S Resistance of Fine-Grzned Soils to High-Speed AD 763 184
Penetration, by G. W. Turnage

Jul 1974 Report 6 kfeasuring Soil P-operties in Vehicle Mobility AD 781 991
Research; Res..cance of Coarse-Grained Soils
to High-Speed Penetration, by G. W. Turnage

Jun 1975 Report 7 Measuring ,oil Properties in Vehicle Mobility AD A0I2 146
Research; Behavior of Fine-Grained Soils under
High-Speed Tire Loads, by G. W. Turnage

3-656 Trafficability Tests on Confined Organic Terrain
(Muskeg)

Sep 1964 Report I Sunuser 1961 Tests, by N. W. Radforth and E. S. AD 45C 618j Rush
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Technical Leports

Number Date Title AD Number

3-656 Dec 1965 Report 2 Summer 1962 Tests, by E. S. Rush, ft. G.
(Cont) Schreiner, and N. W. Radf.rth

Vol-ne I AD 629 522

Volume 'I AD 735 773

3-60 Performance of Soils Under Tire Loads:,

Jan 1965 Report i Test racilities and Techniques, by J. L. AD 456 426
McRae, C. J. Poweli, and R. D. Vismer

Aug 1965 Report 2 Analysis of Tests ir, Yusa Sand Through August AD bil 045
1962, by C. J. Pooell and A. J. Green

Feb 1966 Report . Tests in Claf Through November 1962. by R. D. AD 631 029
Wisper

Feb 1966 Report 4 Analysis of Tests in Sand from September AD 632 245
1962 Through November 1963, by G. W. Turnage
and A. J. Green

Jul 1967 Report S Development and Evaluatiou of Mobility AD 817 122
Numbers for Coarse-Grained Soils, by A. J.
Green

Oct 1967 Report 6 Effects of Test Techniques on Wheel Perfor- AD 823 500
mance, by N. R. Murphy

Apr 1972 Report - Extension of Mobility Prediction Procedures AD 741 7'0
to Rectangular-Cross Section Tires in Cuarse-

Grainea Soil, by T. R. Patin

Sep 1972 Report 8 Application of Test Results to Tire Select-on AD 751 750
for Off-Road Vehicles, by G. W. Turnage

3-670 Jar 1965 W*eels on Soft Soils; an Analysis of Existing Data, by AD 457 8t,
v R. Freitag

3-681 Mobility Envirinmental Resear.h Study:

Jun 1965 Report I A Literature Survey of Environmental Factors AD 620 030
in Thailand. by J. D. Lroughton. J. H.
Shamburger, and D. B. Del Mar

'-688 Aug 1965 A Dimensional Analysis of the Performance of Pneumatic AD 621 955
Tires on Soft Soils. by D. R. Freitag

3-693 Terrain Analysis by Electromagnetic ;4eans:

Oct 1965 Report I Laboratory Investigations in the 0.76- to AD 472 873
5.00-Micron Spectral, by B. R. Davis,
E. B. Lipscomb, and S. J. Knight

Sep 1966 Repert 2 -Radar Responses to Laboratory Prepared Soil AD 802 104
Samples. by J. R. Lundien

Nov 1967 Report 3 Laboratory Investigations in the 0- to 2.82- AD b25 172

mev Gaina-Ray Spectral Reg.on, by J R.
Lundien
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eehnical Reports

Number Date Title AD Number

3-b93 May 1967 Report 4 Laboratory Investigations of the Infrared AD 815 453
(Cont) Emifsiv:ty of Soils Below a Wavelength of

7.7 Microns, by N. J. Lavecchia, A. N.
Williamson, and H. J. Nikodem

Feb 1971 Report 5 Laboratory Measurement of Electromagnetic AD 881 799
Propagation Constants in the 1.0- to 1.S-GHz
Microwave Spectral Region, by J. R. Lundien

3-702 Dec 1965 Characteristics of U. S. Rice Fields and Their Effects AD 628 734
on Ground Mobility, by J. G. Kennedy and E. S. Rush

3-703 Nov 1965 A Study of the Effects of Wet Surface Soil Conditions AD 625 390
cn the Performance of 2 Single Pneumatic-Tired Wheel,
by J. L. Smith

3-726 Nobility Environmental Research Study:. A Quantitative
Metho4 for Describing Terrain for Groimd Mobility:

May 1968 Volume I Sumary. by J. H. Shamburger and 0. E. AD 835 392
Grabau

Jan 1968 Volume 11 Surface Composition, by R. C. kright and AD 827 289
J. R. Burns

Sep 1967 Volume 111 Surrace Geometry, by W. K. Dornbusch AD 820 -88

Mar 1968 Volume 1V Vegetation, by J. D. Broughton and E. F. AD 830 184
Addor

Nov 1967 Volume V Hydrologic Geometry, by E. E. Garrett and AD 827 290
J. H. Shamburger

May 1966 Voluze VI Selected Air-Photo Patterns of Terrain AD 484 65o
Features, by R E. Frost, P. L. Johnson,
R. D. Leighty, V. H. Anderson, A. 0. Poul'n
and J N. Rinktr

Apr 1968 .olume VIl Development of Factor-Complex Maps for AD 833 929
Ground Mobility, by W. K. Dornbusch

June 1966 Volume Vill Terrain factor-Family Maps of Selected AD 487 500
Areas

2 Apr 19b6 Feasibility Stud% of the Use of Rada- to Detect Surface AD 483 864
and Ground Water, b> R. R. Davis, J. R. Lundien, and
A. %. *.!liamson

3--29 Jun 196(. Hec.anics of %hhee!s on Soft Scils, A Method of Analy:- AD 485 854
inq Test Resu!ts., b. E. M. Leflaive

Nov 196b Report 2! Pffect .f N.dth ,n Rigid Wheel Performance, AO 824 2"2
by E. N Le.iaive

3-73' Jun 1966, Compnrison of Eng:neering Properties of Selected AD 486 478
Temperate and Tropicai Surface Soils, by M. r. Meyer

3-4/. Trafficab-lity Test5 on Unconfined Organic Terrain
(MAiskeR)

.cv 10"6 Report ! Surzer 1963 Te5ts, by E. -. Rush and B G AD 805 328
.,chreiner
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Technical Reports

Number Date Title AD Number

3-753 Jan 1967 Trafficability Classification of Thailand Soils, by AD 808 540
M. P. Meyer

3-783 An Analytical Model for Predicting Cross-Country
Vehicle Performance:

Jul 1067 Appendi. A Instrumentation of Test Vehic!es, B. 0. AD 817 532

Benn and Malcolm Keown

Appenoix B Vehicie Performance in Lateral a:iJ Loigi-
tudinal Obstacles (V\getation)

Dec 1968 VoILme ; Lateral Otstacits, by C. A. Blackain and AD 846 257
J. K. Stoll

Jul 1968 Volume 11 Longitudinal Obstacles, by C. A, Blackmon AD 838 872
and D. D. Randolph

Feb 1972 Appeadix C Vehicle Performance in Veitical Obstacles 40 737 687
(Surface Geometryl, by C. A. Dls&kimon and

N. R. Murphy

Feb 1970 Appendix D Performance of Amphibious Vehicles in the AD 866 165
Water-Land Interface (Hydrologic Geometry),
by C. A. Blackmon, B. G. Stinsan, and J. K.
Stoll

Apr 1971 ApFeniix E Quantification of the Screening Effects of AD 724 070
Vegetation on Driver's Vision and Vehicle

Speed, by B. G. Stinson

Aug 1970 Appendix F Soil-.ehicle Relations on Soft Clay SoIs AD 875 612

(Surface Composition), by C. A. Blackmon

3-790 Jul 1967 Piiot Study of Response of CV-2 Aircraft to Irregular AD 818 980
Terrain, by A. .. Green and E. S. Rush

3-791 Moisture-Strength Characteristics of Selected Soils in
Thailand,

Aug 1967 Volume I Analyses and Application of Data. by J. G. AD 8.10 220
Kennedy, J. G. Collins, and M. H. Smith

Aug 1967 Volume II Basic Data, by J. G. Kennedy, J. G. Collins, An 820 221

and M. H. Smith

"3-803 Jaii 1968 Evaluation of the Perform.nce of th, XM759 Logistical AD 826 114L
Carrier, by B. G. -.hreiner and A. A. Rula

M-68-1 Dynamics of Wheeled Vehicles-

May 1968 Report I A Mathematical Model for the Traversal of AD 834 324

Rigid Obstacles by a Pneumatic Tire, by

A. S. Lessem

Aug 1969 Appendix B Digital Implementation of Segmented AD 85' 163
Tire MoJel, by N. R. Murphy

Statement B. See Preface.
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Technical Reports

Number Date Title AD Number

M-68-1 Mar 1971 Report 2 Implementation of Wiener-Bose Th1eory and AD 723 403
(Cont) Application to Ride Dynamics, by A. S. Les~em

Apr 1971 Report 3 A Statistical Analysis of -- rrain-Vehicle- AD 723 405
Speed Systems, by N. R. Murphy

Mal 1972 Report 4 A Statistical Analysis of Obstacle-Vehicle- AD 739 916
Speed Systems, by G. G. Switzer

M-68-2 May 1968 Contribution to the Mechanics of Rigid Wheels on Sand, AD 833 871
byK. W. Wiendieck

M-69-2 May 1969 Improved Wheel Performance on Sand by Controlled Cir- AD 688 876
cumferential Rigidity, by K. W. Wiendieck

M-70-1 Mar 1970 The Basic Sinkage Equations and Bearing Capacity AD 869 01S
Theories, by M. J. Hvorslev

M-70-2 Mar 1970 Performance Evaluation of Wheels for Lunar Vehicles, AD 702 246
by D. R. Freitag, A. J. Green, and K.-J. Melzer

M-70-3 Mar 1970 Evaluation of WES Analytical Model in belected Terrains
(XMS59EI GOER Tests at Camp Gagetown, New Brunswick,
Canada), by B. G. Stinson

M-70-4 Mar 1970 Relative Off-Road Mobility Performance of Six Wheeled
and Four Tracked Vehicles in Selected Terrain, by J. K.
Stoll, U. D. Randolph, and A. A. Rula

M-70-S Apr 1970 Performance of Riverine Utility Craft (RUC) in Riverine AD 869 011
Environments, by B. G. Schreiner, R. P. Smith, and
C. E. Green

M-70-6 Apr 1970 Quantitative Description of Se:-cted West German
Terrain for Ground Mobility, by H. K. Woods and J. H.
Shamburger

M-70-7 Evaluation of the Relative Off-Road Performance of 15
Vehicles in Synthalogous Theaters of Operation (STOP)
Terrain Factor Complexes:,

may 1970 Volume I Application of an Analytical Model for Pre-
dicting and Evaluating Vehicle Performance in
STOP Terrain Factor Complexes; and Appendix A,
Analytical Model for Predicting Cross-Country
Vehicle Performance, by D. D. Randolph

May 1970 Volume II Appendix B: Vehicle Performance Predi-tions
in Tropical Climate Theater;
Appendix C: Vehicle Performance Predictions
in Arid Climate Theater;
Appendix D:. Vehicle Performance Predictions
in Temperate Climate Theater, by D. D.
Randolph and R. H. Johnson

M-70-8 Ju 1970 A Preliminary Study of Seafloor Trafficability and Its AD 710 965
Prediction, by K. W. Wiendiesk

M-70-10 Jul 1970 Relative Off-Road Mobility of MBT70 and M60AIEI Tanks AD Sl !SOL
in Selected Tcfrains in West Germany, by A. A. Rula,
C. A. Blackmon, B. G. Stinson, and J. K. Stoll

" Statement B. See Preface.
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Technical Repcts

Number Date Title AD Number

M-70-11 Mobility Exercise A (MEXA) Field Tests Program-,

Mar 1971 Report 2 Vlume 1, Performance of MEXA and Three AD 883 199
Milit... ,enicles in Soft Soil, by B. G.
Schreiner

Jul 1970 Report 3 Performance o AEXA and Three Military AD 875 940
Vehicles in Lateral Obstacles, by J. L. Decell

Jae- 1974 Report 4 Performance of Selected MEXA and Military

Ve'iicles ip Vertical Obstacles, by N. R.
Murphy, Jr., and A. A. Rula

I-70-12 Jul 1970 European Waterways Study; a Procedure for Describing
Tactical Gaps, by P R. Friesz, A. P. Desmarais, K. S.
Fife, W. G. Willis, and W. E. Grabau

* Volume I AD 875 SllL

* Volume 2 AD 875 512L

* Volume 3 AD 875 S4ý)L

M-70-14 Penetration Resistance of Soils:

Nov 1970 Report 1 Tests with Circular Footinj.s in Air-Dry Sands, AD 715 979
by A. J. Green

Nov 1970 Report 2 Gamma-Ray Techniques for Nondestructive AD 71S 980
Measurements of Soil Density and Density Pro-
file, by A. N. Williamson

Jul 1971 Report , Tests with Circular Footings in Cohesive AD 72b 268

Soils, by A. J. Green

M-70-IS Oct 1970 Performance of Boeing-GM Wheels in a Lunar Soil Simu-
lant (Basalt), by A. J. Green and K.-J. Melzer
fSuperseded by M-71-10, Report 1)

*M-71-I May 1971 Performance Evaluation of a First-Generation Elastic AD B007 71SL
Loop Mobility System, by K.-J Melzer and A. J. Green

M-71-4 Jul 1971 An Analysis of Ground Mobility Mkodels (ANAMOB), by AD 886 S13
A. A. Rula and C. J. Nuttall

M-71-S Performance cf Soils Under Track Loads:

Jul 1971 Report 1 Model Track and Test Program, by G. W. Turnage AD 728 496

Nov 1971 Report 2 Prediction of Track Pull Performance in a AY 733 926
Desert Sand, by G. W. Turnage

M-71-6 Sep 1971 Prediction of the Slope-Climbing Capability of Elastic- AD 731 205
Rim Wheels, by K. W. Wiendieck

M-71-7 Oct 1971 Effect of Yaw Angle on Steering Forces for the Lunar AD A006 S18
Roving Vehicle Wheel, by A. J. Green

* Statement B. See Preface.
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Technical Reports

Ntm,ber Date Title AD Number

M-71-8 Nov 1971 Performance of Dual-Wheel Configurations in Coarse- AD 732 864
Grained Soil, by K.-J. Melzer

M-71-10 Performance of the Boeing LRV Wheels in a Lunar Soil
Simulant:

Dec 1971 Report 1 Effects of Wheel Design and Soil, by A. J. AD 756 213
Green and K.-J. Melzer

Dec 1971 Report 2 Effects of Speed, Wheel Load, and Soil, by AD A006 498
K.-J. Melzer

M-72-1 Jun 1972 Studies of the Dynamics of Tracked Vehicles, by A. S. AD 743 464
Lessem and N. R. Murphy

M-73-1 Sep 1972 Vehicle Mobility Assessment for Project Wheels Study AD A008 286
Group (With Addenda,, by A. A. Rula, C. 3. Nuttall, Jr.,
and H. J. Dugoff

*M.-73-5 Aug 1973 A Numerical Model of the Ride Dynamics of a Vehicle Using AD 913 281L
a Segmented Tire Concert, by W. F. Ingram

S-73-13 jec 1973 Vehiz/..:d Corpa,ibility An'iysw, and Modification AD /72 962
Systems (VRCAM.), by V. C. Baroer -nd N. R. Murphy

M-74-1 Jan 1974 Helicopter Movement on Lnimproved Terrain, by E. S. AD 780 698
Rush and C. E. Green

*M-74-3 Apr 1974 A Variable-Stress Vehicle Reliability Model, by A. S. AD 919 333L
Lessem

M-74-7 Jun 1974 Performuace Evaluation of a Second-Generacion Elastic
Loop Mobility System, by K.-J. Melzer and G. D. Swanson

S-74-7 Sep 1974 Stresses and Shearing Resistance in Soil Beneath a AD AO00 609
Rigid Wheel, by M. M. Al-Hussaini and P. A. Gilbert

M-75-1 Jun 1975 Small-Scale Mobility Tests in Fine-Grained Layered AD A013 491
Soils, by G. D. Swanson, and T. R. Patin

Statement B. See Preface.
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Miscellaneous Papers

Number Date Title AD Number

4-19 Nov 19S2 Report on Trafficability Conditions and Airfield Site
Splection in an Area in Norfolk County, East Anglia
England

4-73 Sep 1954 A Study of Moisture-Content Determinations on SelecteJ AD 041 085
Soils

4-101 Nov 1954 Trafficahility Survey of Selected Areas, Camp Stewart

Georgia

4-117 .4ar 1955 Field Tests of Nuclear Instruments for the fleasurement AD 073 388
of Soil Moisture and Density

4-135 Jul 1955 The Development of Methods for Predicting Soil Moisture AD 747 826
Content, Report on the Fairbanks, Alaska, Extension

$-147 Jan 1956 Vehicle Mobility qn Soft Soils AD 841 344

4-210 Stresses Under Moving Vehicles:,

Jul 1957 Report I A Pilot Study of WES Earth Pressure Cell AD 841 34ý'
Actio., in Comparatively Soft Soil (See
TR 3-545 for subsequent reports in this
series)

4-238 Nov 19S7 S:atistica! Occurrence of Soil Strength

4-241 Oct 1957 Vehicle 4ob-.lIty AD 841 '46

4-282 tug 1958 Comparison of Performance Characteristics ;n Snow of
the Polecat 4:1d Wepsel

4-284 Aug 1958 A Limited Study of Factorb That Affect Soil Strength

4-298 Jan 1959 Meteorological and Trafficability Data, U. S.-Canadian AD 756 30S
Arctic Weather Stations

4-300 Jan 1959 Aer-al Penrtrometer Demonstratici at Fort Rucker, AD 625 601
Alabama

4-322 Feb 1959 A Limited Study of Snpp-Tracs ..D 756 291

4-327 Mar 1959 Effect of Nold Size and Other Factors on Laboratory AD 841 347
Cone Index Measurements

4-338 Aor 1959 Prediction of Soil Moisture from Soil and Weather AD A006 496
Records

4-3•, J"! 1959 Filot Study to Evaluate the Squeeze Tesz for Use in AD 841 348
Vehicle-Mobility Research

_-355 Trafficability Predictions in Tropical Soils:,

Sep 1959 Report 1 Four Soils in the Panama Canal Zone AD A006 520

Feb 1960 Report 2 Puerto Rico Study
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Miscellaneous Papers

-Number Date Title AD 'umber

4-3St Aug 1966 Peport 3 Pahiama Study No. 2 (Octoher 1961-September AD Fl0 321

(Ccnt) 19)3), by A. q. McDaniel

SNov 196- Report 4 r.,1itrbia Study (July 1962-July 1963), by AD 824 7a,4L
A. R. McDaniel

"Dec 19S7 Report S Costa Rica f-,,y No. I (January 1963-January 4D 824 882L
1965), b- A. q. McDaniel

Nov 1968 Report 6 Puertoi Rico Study No. 2 (March i962-Novembhor AD 845 616
A963), by J. G. vennedy and T. E. Hicks

Nov .970 Report 7 Hawaii Study, by C. A. Carlson. W. P. Bohnert, AD 877 5'7
and M. P. Meyer

A[g 1971 Peport 8 Costa Rica Study No. 2 (January 1964- AD 888 0OlL
SeLtember :965), by A. R. McDaniel and
M. H. Smith

4-362 Oct 1959 Preliminary Study of Stresses Under Off-Road Vehicles AD 841 549

4-365 Nov 1959 Traffic Evaluation Tests of Rogers Dry ',ke, California

4-371 .an lSoO Laloratory Tests of Liquid Nitrogen Soil-Moisture AD 7S6 311
Samplers

4-394 May 1960 Strength Requirements in Unsurfaced Soils for Aircraft
Operat ors

4 404 Jul 1960 The Army Mobility Research Center Test~ng Facility

4-412 Nov 1960 A Limited Study of tie Performance of the 2-Tin Melli AD 756 321
Flex-Trac

3-428 Jan 1961 Physical Components of the Shear Streng~n of Saturated
Clays

4-438 jul 1961 Trafficability Tests with Jumbo Truck on Organic and AD 756 331
Coarse-Grained Mineral Soils

4-439 Aug 196! Trafficability Tests with the Airoll on Organic and AD A006 497
Mineral Soils

4-441 Aug 1961 Measurement and Estimation of the Trafficability of
Fine-Gra~ned Soils

4-4A2 Aug 1961 Soil Trafficability Classification Scheme

4-4,13 Aug 1961 The Behavior of Sand Under Pneumatic Tires

4-444 Aug 19bl Classificatior. of Terrain for Mobility Purposes AD 666 222

4-446 Aug 1961 Comparison of Trafficability of Muskeg with Traffic- AD 754 332
ability of Other Soft Soil Terrains

4-447 Aug 1961 Properties of Surface Soils in the West Seasoa AD 754 33S

4-457 Nov 1961 Some Factors Affecting Moisture Content-Density- AD 753 641
Cone Index Relations

Statement C. See Preface
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Miscellaneous Papers

Number Date Title AD Number

4-461 Dec 1961 A Technique for Mapping Trafficability AD 754 334

4-462 Dec 1961 Measuring Soi: Trafficability Characteristics AD 754 333

4-463 Dec 1961 Stresses in Yielding Soils Under Moving Wheels and
Tracks

4-469 FeO 1962 Distribution of Stresses on an Unyielding Surface Je-
neath a Pneumatic Tire

1-477 Ap- 19b2 Trafxicability Tests with the S-Ton GOER (XM520) on AD 646 591

Fine- and Coarse-Grained Soils

3-482 Apr 1962 Predicting Soil-Moisture Distribution in Areas of AD 756 302
Seasonal Frost, 7easibility Study

4-497 May 1962 Deflection of a Moving Tire on Firm to Soft Surfaces

4-505 Aug 1962 Operation Wheeltrack, Camp A. P. Hill, Virginia, 25-30
April 1962

4-513 Jul 1962 Airoll Performance in Snow AD 744 463

Unnum- Aug 1962 Report of Mobility Consultants Conterence, Waterways
bered Experiment Station, Vicksburg, Mississippi, 13-15

June 1962

4-S28 Sep 1962 Documentation of Conditions Attendant to Army Tactical AD 744 213
Mobility Requirements (Howte) Board Testing

4-535 Oct 1962 A Technique for Estimating the Slope-Climbing Ability AD 744 714
cf Wheeled Vehicles in Sand

4-547 Jan 1963 Identifying Soil Paras'eters with an Infrared Spectro- AD 744 220
photometer

4-556 Jan 1963 Visit to Swamp Fux II Operation

;-592 Jul 1963 Terrain Evaluation for Mobility Purposes AD 744 216

4-S94 Aug 1963 visit to University of Illinois to Discuss Tropical AD 7ý4 217
Soils Studies

4-602 Oct 1963 Study of the Characteristics of Rice Fields in Lhe AD 744 215
United States

4-621 Jul 1963 Speed Tests Conducted in Canada During Muskeg AD 744 219
Trafficability Test Program, August 1962

4-623 Feb 1964 Comments on Mobility Research AD 744 221

4-626 Feb 1964 Theory for a Towed Wheel in Soil AD 744 132
Revised
Sep 1964

4-629 Feb 1964 Normal Stresses at the Tire-Soil Interface in AD 744 224
Yielding Soils

4-630 -eb 1964 Terrain Reconnai sance with Electromagnetic Sensors

4-638 Apr 1964 The Terrain-Vehicle Programs of the U. S. Army Engineer AD 744 213
Watemva)b Experiment Station

4-647 Apr 1964 Varia-ion in tha 7rafficability f Sands

18



Number Dat!e Miscellaneous Papers

___be _Oat _____________________________ AD Number

4-1Si M?4y 1964 Tracks Versus Wheels in Soft Suil and Snow AD 744 222

4-652 May 1964 A Comparison of Quantitative Versus Nonquantitative ' 745 148
Terrain Descriptive Systems for Mobility Analysis

4-670 Aug Hi64 Report of Second Meeting of AR.'A Advisory Committee on AD 478 994
Mobility Environmental Research Study (24-26 February
1964, Vicksburg, Mitssissippi)

4-687 Dec 1964 Retention of Detail in Map General-zation, by E. E. AD 745 149
Ad:or and W. E. Grabau

4-702 Feb 1965 Vicksburg Mobility Exercise A, Vehicle Analysis for AD 613 3C6
Remote-Area Operation, by 3. J. Knight

4-713 Mar 1965 Trafficability of Snow in Arctic and Subarctic Regions, AD 745 ISO
by B. G. Schreiner

4-726 Mobility Environmental Research Study:

Jun 1965 Report I Selection and Description of Test Areas, U. S. AD 745 11l
Military Reservations, by h. K. Woodf and
J. H. Shamburger

4-743 Oct 1965 rests to Evaluate the Mobility of Jiger and Fisher AD 901 950
Vehicles, by M. P. Meyer

3-749 Nov 19*S Statistical Evaluation of Cone-Penetration-Test Data, by AD 736 121
J. K. Poplin

4-750 lov 1965 Center-Line Deilection cf Pncumatic Tires Moving in AD 745 152
Dry Sand, by D. R. Freitag and M. E. Smith

4-751 Nov 1965 Trafficability Tests wita Lhe Marsh Screw Amphibian, AD 745 153
by S. J. Knigit, E. S Rush, and B. G. Stinson

4-757 Nov 1965 A Study of the Effects of Wet Surface Soil Cond-tions AD 745 154
on the Perforzance of a Sngle Wheel. by J. L. Smith

4-758 Dec 1965 Mecnanics of Whztcs on Soft Soils; A Method for Pre- AD 746 399
senting T.-' Results, by E. .M. Leflaive

4-766 Jan 1966 Tests wth the CH-47A Chincok Helicopter in Soft Clay AD t27 3/7
Soil, by E. S. Rush

4-767 Jan 1966 Effects of Air Surcharge on the Bearing Capacity of AD 630 804

Soft Cohesive Soils, by L. J. Lanz

4-769 Dec 1965 Traffic Tests to Determine the Benefits of Vegetation AD 745 622

in Increasing Traffic Coverages, by L. M. Womack

4-79' Feb 1966 Report of Conference of the Board of Consultants on AD 747 095
Remote Terrain Analysis by Electromagnetic Means;
Waterways Fxperiment Station, 18-19 November 1965

4-822 May 1966 Effects of Soil Layering on the Use of YHF Radio Waves AD 747 096
for Remote Terrain knalyiis, by H. J. Nikodem

1
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Miscellaneous Papers

Number Date Title AD Number

4-823 May 1966 Laboratory Investigations of the Gamma-Ray Spectral AD 747 097
Reginn for Remote Determination of Soil Trafficability
Conditions, by A. N. Williamson

4-e?8 Jul 1966 Development of a Formula for Towing Resistance for a AD 746 400
Wheel in Soft Soil. by J. L. McRae

4-829 Aug 1966 Comoarison of Ground Mobility Characteristics of Land- AD 800 07S
Marine Interfaces or Florida and Thailand, by E. E.
Garrett

4-835 Aug 1966 A Dimensional Analysis of the Performance of Pneumatic
Tires on Clay, by D. R. Freitag

4-836 Aug 1966 A Dimenional Analysis of the Performance of Pneumatic AD 70, 341
Tires in Sand, by D. R. Freitag

4-838 Aug 1966 Variation in Traffizability of Four Loes• Soils, by AD 800 144
j. R. Bassett, A. R. McDaniel, Pnd S. J. Knight

4-854 Nov 1966 Concepts for Vehicles for Off-Road Use in Remote Areas, AD 746 401
ty A. A. Rula, D. R. Freitag, and S. .. Knight

3-861 Dec 1966 Terrain Evaluation of a Portion of the Fort Greely AD 806 538
Automotive Test Course; Final Report, by ;. H. Sham-
burger, C. R. Kolb, and H. K. Woods

4-870 Feb 1967 Theory for Predicting Performance of a Wh'eel i., Soft
Soil, by J. L. McRae

4-879 Mar 1967 Traff.cability rests in Fne-Grairned Soils %ith Two AD 811 217
Vehicles with 9- to 10-Ton Wheel Loads, by E. 3. Rush

unnum- Apr 1967 Report of Conference on Soil Trafficability Prediction, AD A019 176
bered U, S. Army Engineer Waterways Experiment Station,

29-30 November 1966

4-893 May 1967 Bumps and Grinds, Study in Body Motions, by W. G. AD 747 098
Shockley

4-899 May 1967 Aerial Cone Penetron'Lter for Measuring the Traffic- AD 746 402
ahility of Soils, by S. J. Knight

4-917 Aug 1967 Trafficability Tests with a Twe-Wheel-Drive Industrial AD 819 857
Tractor, by E. S. Rush and 5. G Stinson

4-921 Aug 1967 A Suggested Pr-cedure for the Selection and De- A! 658 659
scritscn of Reference Test Areas, by W. E. Grabau

4-923 Aug 1967 Flotation 1equirements for A:rcraft, b) R. C Ahlvin AD 739 551
and D. N. Rrown

°4-940 Oct 1967 Soil Buildup Between Wheels and Sponson of )M759 AD 902 843L
Logistical Carrier, by E. '. Rush

4-912 Oct 1967 Effects of Tread Pattern on the Surface Tra,.tion of AD 747 099
Terra-Tires, by J L. Smith

4-944 Nov 1967 A Qualitative Appr-ach to the Pneumatic Tire-Scft AD 823 995
Soil System, by L M. Kraft

Statement B. See Preface.
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Miscellaneous Papers

Number Date Title AD Number

*4-948 Sep 1967 Ground-Flotation Investigation of Model Wide Tire, by AD 822 345L
J. E. Watkins and W. J. Hill

4-949 f-c 1967 Expedient Surface-Soil Sampling, by S. J. Knight AD 746 35D
and C. A. Blackmont

4-950 Dec 1967 A Limited Study of Effects af Soil Strength on Walking AD 746 403
Speed, by E. S. Rush and A, A. Rula

4-959 Jan 1968 Application of Trafficability Analysis to Forestry, by QD 746 404
D. R. Freitag and B. ;. Richardson

4-960 Jan 1968 Penetration Tests for Soil Measurements, by D, R.
Freitag

4-961 Jan 196& Summary of Comparison of Engineering Properties of AD 746 757
Selected Temperate and Tropical Surlace Soils, by
M. P. Meyer

4-979 Mar 196h Report of Second Meeting Vicksburg Mobility Exercise
A, Design of Field Test Program (8-10 February 1967,
Vicksburg, Mississippi)

4-986 Apr 1968 Gamma-Ray Measurements to Evaluate Soil Properties. by
0. N. Williamson

M-68-1 Aug 1968 Effects of Test Techniques on Wheel Performance, by AD 746 758
N. R, Murphy and A. J. Green

M-68-2 Aug 1968 Description and Comparison of Tire Performance in AD 746 759
Sand in Terms of Energy Parameters, by E. M. Leflaive

M-68-4 Sep 1958 Trafficability Tests with Major/Minor Wheel Vehicle AD 841 855
Equipped with 16x14.S-6 Tires, by J. H, Robinson and
E. S. Rush

M-68-5 Dec 1968 Simulating Dynamic Pioe Characteristics of Pneumatic
Tires, by A. S., Lessem

M-68-6 Dec 1968 Stress-Displacement Relations and Terrnin-Vehicle
Mechanics: A Critical Discussion, by F. W. Wiendieck

M-66-7 Dec 1968 A Mathe'iati-al Model for Traversal of Rigid Obstacles
by a Pneumatic Tire, by A. S. Lessem ano A. Green

M-68-8 Dec 1968 A Theoretical Evaluation of the Shear-to-Normal Stres,
Ratio at the Soil-Wheel Interface, by 9. W. Wiendieck

M-69-1 Jan 1969 Trafficahility Tests with a Rubber-Tired Log Skidder, AD 848 416
by B. Y. Richardson, J. H. Robinson, and R. P. Smith

M-69-2 Jun 1969 Vehicle Dynamics Research at Waterways Fxperiment AD 746 760
Station, by A. J. Green and G. G. Switzer

* Statement B. See Preface.
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Miscellaneous Ptpers

Number Date Title AD Number

M-69-4 Sep 1969 Limited Trai'icab.lity Tests with Major/Minor Wheel AD 859 719
Vehicle bquipped with 20x14-10 Tires, by J. H. Robinson
and R. P. Smith

M-69-S Utility Carrier Development Program:

Oct 1969 Report 1 Limited Study of Effects of Jungle Trail AD 753 427
Charazteristics on Performance of Selected
Self-Propelled Vehicles, by E. S. Rush

S Oc 1969 Report 2 Limited Study of Effects of Vegetation AD 902 842L
Characteristics on Pertormance of Selected
Self-Propelled Vehicles, by J. L. Decell,
T. D. Hutto, and A. A. Rula

M-69-6 Dec 196. The Role of Ground Crawling Vehicles in the Ccean, by
K. W. Wiendieck and D. R. Freitag

M-69-7 Dec 1969 Effects of Cone Velocity and Size on Soil Penetration
Resistance, by G. W. Turnage and D. R. Freitag

M-69-8 Dec 1969 A General Theory of Stresses and Displacements in
Elastic and Viscoelastic Layered Systees, by Yu-Tang

I Chou

S-69-15 Apr 1969 Evaluation of Nuclear Methods of Determining Surface In AD 688 079
Situ Soil Water Content and Density, by T. B. Rotser
and S. L. Webster

"*M-70-2 Apr 1970 Worldwide Strength Co4ditions of Surface Materials, AD 869 490L
by W. P. Bohnert and M. P. Meyer

M-70-4 .May 1970 Performance Evaluation of Wheels for Lunar Vehicles AD 705 570
(Summary Report), by D, R. Freitag, A. J. Green, and
K.-J. Melzer

M 70-6 May 1970 Effect of Pressure Distribution Under Pneumatic Tires
on Stresses and Displacements in the Supporting
Elastic Media, by Y. T. Chou

.A-70-7 Sep 1970 A Plan fo. Quantitative Evaluation of the Cross-Country AD 877 016
Performance of Prototype Vehicles, by W. E. Grabau,
J. K. Stoll, and B. G. Stinson

M-70-8 Dec 1970 Tests with an Experimeaital Wheel on Clay, by K. W.
Wiendieck

"*M-70-9 Dec 1970 Limited Performance Tests of the )04759, 1-1/2-ton AD 879 172L
Logistical Carrier, Amphibious, by B. G. Shreiner
and E. S. Rush

7Stiatement S. See Preface.
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Miscellaneous Papers

Number Date Title tD rdumber

M-70-10 Dec 1970 Effects of Soil Surface Conditions on Drawbar Pull of
a Wheeled Vehicle, by E. S. Rush

S-70-14 'lay 1970 Evaluation of Soil Strength of Unsurfaced Forward.Area AD 709 589
Airfields by Use of Ground Vehicles, by G. M. Hammitt

S-70-24 Sep 1970 Soil Strength Criteria for Operation of Fightcr Aircraft AD 7S5 158
On Unsurfaced Airfields; Bare Base Support; Project 378?-
65, by D. M. Ladd

5-70-25 Nov 1970 The Effects of Geological Features on Soil Strength, by AD 756 159
E. L. Krinitzsky

M-71-i Feb 1971 Standard Penetration Test and Relative Density, by
K.-J. Melzer

M-71-2 Feb 1971 Evaluating Penetration Tests in Clay from Measured
Soil Particle Movements, by Y. T. Chou

M-71-3 Feb 1971 The Performance of Two Boeing-GM Wheels (GM VII and
: VIII) for the Manned Lunar Rover Vehicle, by A. J.

ureen and K.-J. Melzer

M-71-4 Mar 19"1 Event Dial Pack; Project LN309: Effectiveness of AD 720 986
Crater, as Barriers to Mobility, by C. A. Blackmon
and A. A, Rula

M-71-5 Jun 1971 Utilization of Synthetic Soili in Enginecring Research, AD AO06 519
by A. J. Green

M-71-7 Nov 1971 Automation of Cross-Country Locomotion Model, by J. A.
Parks and J. ý. Stoll

M-72-2 Apr 1972 Effect of Design Changes on Vehicle Performance; A AD A017 725
Limited Study of the M35A2 (Modified) and the M113A1

M-72-3 Apr 1972 Operations and Maintenance Manual for a Scale-Model AD 75'" 392
Lunar Roving Vehicle, by A. S. Lessem

M-72-5 May 1972 Evaluation of Surface Shear Strength Measurements for AD 743 167
Use in Laboratory Mobility Studies, by T. R. Patin

S-72-9 Mar 1972 Notes on Proving Rings and Frames for Soil Te,ting AD 756 199
Lquipm,,nt. by M. J. Hvorslev

*5-72-34 Nov 1972 Relative Surfacing Requirements for Container-Handling AD 905 195L
Vehicles, by D. N. Brown, A. A. Clark, R. J Lacavich,
and E. S. Rush

M-71-1 Jan 1973 Automation of d iodel for Predicting Soil Moisture and AD 7SS 095
Soil Strength (SMSP Model), by M. H. Saith and M. P.
Meyer

M-,;-2 Apr 1973 Power Requirements for Wheels Operating in Fine-Grained 40 7S9 501
Soils. by K.-J. Melzer

M-73-4 May 1973 Suggested MethoA for AppliLtion of the WES VCI/RCI AD A017 731
Criteria to Helicopters aid Related Ground Support
Equipment, by E. S. Rush

Statement B. See Preface.
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Mi scel lareo.- Pato rs

Number Date Title _A0 Number

M-73-S Jun 1973 Event Mixed Corpany Ill; Project LN305 Effet5veiie, AD 910 bY'
of Craters as Barriers to Mobility, by C E. Green

M-73-6 May 1973 Project DIAMOND ORE; Phase IIA: Effectiveness of
Craters as Barriers to Mobility, by C. A. Biackmon aid
C. E. Green

M-73-7 May 1973 Analysis of the Ability of a LUser Profilometer System AD (t3 180
to Evaluate Lnprepared Landing Sites, by L. E. Link, Jr.

M-73-14 Sep 1973 Vehicle Mobility Assessment o- Munitiors Transfer Truck A') BOO" 716!.
on Selected Areal Terrains, by 8. G. Shreiner and W.
%iilnughby

M-73-lS Dec 1973 The Effect of Military Transportation Activities on the
Environment, by A. .. Green. D. D. Randolph, and A. A.
Rula

M-73-16 Dec 1973 Prediction of Aircraft Ground Performance by Evaluation AD "7S "44
of Ground Vehicle Rut Depths, by G. It. Turnage and
D. N. Brown

Unnum- Mar 1974 Terrain Analysis for the Armored Reconnaissance Scout AD 7"6 38"
bered Vehicle Test Program, by D. D Randolph and C. A

Blackmon

M-74-1 Apr 1974 A Limited Study of the Performance of an Interim 3/4-T7o
Wheel/Track Convertible Test Rig, Houghton, Michixan, aitd
Vicksburg, Mississippi, by W E. Nilloughby

M-74-3 May 1974 A Preliminary Study of Scale-Model Bulldozer Blades

M-74-5 Aug 1974 Beach Trafficability Testing with Off-Road Materials AP A017 723
Handling Equipment, Anzio Beach, Little Creek, Virgin-a,.
by E. S. Rush

*M-74-6 Aug 1974 Mobility Validation Test Results for the Armored AD 1t003 764L
koconna.ssartce Scout and Comparison Vehicles, ty W. E.
Willoughby arid B. G. Schreiner

M-74 7 Sep 1974 Characterization of Selected Road Sections in Western AD A018 289
United State;, by . A. Rula and J. H. Robinson

M-74-8 Oct 1974 Mapping of Selecled ARSV Test Courses at Fort Knox, AD AO0I 520
Kentucky, and Comparison with Other Selected Terrains,
b D. D. Randolph

M-75-3 Apr 1975 Project ESSEX I, Phase 1, Mobilitv Experiments, by C E AD A0l1 493
Green

*M-75-4 May 1975 Terrain Description, Vehicle Mobility and Cover AD BOOS 325L
Concealment Characteristics for the Bushmaster Middle
East and Europe Scenarios; A Qualitative Assessment,
by H. W. West and B. G. Schreiner

M-75-5 Jun 1975 Comparison of the Ride Qualities of Standard AD A013 986
M6OAI and Hybrid (Tube-Over-Bar) M60A1E3 Tanks,
by N. R. Murphy Jr. and J. H. Robinson

* Statement B. See Preface.
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Mi -e!laneous Papers

Number Date Title AD Number

M-75-' Jun 19'S WES Papers Presented 3t Fifth International Conference, AD AOl2 6S3
International Society fo• Terrain-Vehicle Systems,
June 2-6 1971. Detroit-Houghton, Michigan

M--S-8 Aug 197S Estimating the Performance Capabilit, of SO.000-lb AD A014 273
Capacity Container Handler on Beach and Desert Sands,
by E. S. Rush and G. N. Durham
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Instruction Reports

Number Date Title AD Number

Unnum- Oct 1961 Tropical Soil Studies; Plan of Tests
bered

Unnum- Jan 1962 Tropical Soil Studies in Panama and Puerto Rico;
bered Plan of Tests

7 Oct 1965 Description and Application of Airfield Cone Penetrome- AD 800 746
ter, by W. B. Fenwick

5-70-1 Apr 1970 Rapid Assessment of Soil Strength at Aircraft Landing AD 705 572
Sites, by G. M. Hamitt

5-74-1 Apr 1974 Determination of In-Place Moisture and Density by AD "'79 422
Nuclear Methods, by S. L. Webster

Jun 1974 Errata Sheet No. I

I
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Pavements and Soil Trafficability Information Analy.is Ct trr Reports

Number Date Title AD Number

I Apr 1975 Microthesaurus of Vehicle Mobility, Environment, and AD AO01 269
Pavement Terms

2 Nov 1975 Bibliography of Papers Presented at Meetings or in AD A018 290
Technical Journals on Studies of the Mobility and
Environmental Systems Laboratory, by M, P. Meyer
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Contract Reports

Number Date Contractor and Title of Report AD Number

Purdue University, Engineering Experiment Station

4-6 Application of Airphoto Pattern Analysis to Soil
Trafficability Studies:

Jun 1951 Book One By 0. W. Mintzer, E. J. Yoder, and J. R.
Shepard

June 19S1 Book Two Glacial Patterns

Book Three Alluvial Patterns

Dec 1952 Book Three (Second Edition) Water Deposited Materials

Jun 1951 Book Four Miscellaneous Patterns

Feb 1954 Book Five Wind Deposited Soils

Jun 1954 Book Six Residual Materials (in 2 parts)

Sep 1956 Supplement No. I Prepared by R. D. Miles and R. D.
Leighty

Dec 1957 Supplement No. 2 Glacial Deposited Materials, prepared
by R. D. Miles ane D. G. Shurig

U. S. Forest Service

4-8 The Devtlopment of Mc.thods for Predicting Soil Moisture
Content

Nov 1951 Progress Report I

Volume I, by E. J. Dortignac and HF W. Lull

Volume II, by E. J. Dortignac and H. W. Lull

Jul 1952 Progress Report II

Purdue University, Engineering Experiment Station

4-12A Oct 1954 Effect of Soil Moisture and Other Natural Variables on
Aerial Photo Gray Ton,;

Cornell University

3-15 May 1955 An Environmental Anal-sis of the Fort Churchill,
Manitoba, Region, b, T. A. Cheney and D. K. B. Beckel

Text I

Text II

Folio

Wilson, Nuttall, Raimond Engineprs, Inc.

4-16 Oct 1955 Vehicle Mobility Research:, A Preliminary Review of
Major Accomplishments and Current Activities in the
Field, by C. J, Nuttall

4-17 Mar 1956 Vehicle Mobility Research, 1956:. A Review anA a
Suggested Program, by C. J, Nuttall
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Contract Reports

Number Date Cont:'actor and Title of Report AD Number

Purdue University

4-20 Sep 1956 Techniques for Predicting Soil Trafficability Informa-
tion from Aerial Photographs, by R. 0. Miles

U. S. Geological Survey, Military Geology Branch

3-22 1957 rerrain Study of the Army Test Area, Fort Greely, Alaska

Volume 1 Text, by G. W. Holmes and W. S. Benninghoff

Volume 2 Maps

FMC Corporation, Ordnrnce Engineering Division

3-33 Sep 1964 A Research Study Concerning the Application of a
Fourier Series Description to Terrain Geometries
Associated with Ground Mobility and Ride Dynamics
Phase I, Terrain and Vehicle Models

University of Illinois

3-38 Oct 1959 Report on Survey of Literature in Connection with the
Dynamic Bearing Capacity of Soils, by Narbey
Khachaturian

Texas Instruments Incorporated

4-96 Phase I System Analysis for a daierways Experiment
Station Terrain Analysis Radar (Project
WESTAR); Final Report

Jan 1963 Phase II System Implementation, Waterways Experiment AD 465 402
Station Terrain Analysis Radar (Project
WESTAR); Final Report and Engineering Hand-
book

Jan 1965 Phase III Analys:s of Results, Waterways Experiment AD 465 403
Stition Terrain Analysis Radar (Project
WESTAR); Final Report

4-100 Mar 1964 Fincl Report Waterways Experiment Station Terrain
Analysis Gamma (Project WESTAG)

Purdue University

3-108 Nov 1953 Statistical Analyses of Trafficability Data, by Paul
Irick

Wilson. Nuttall, Raiatond Engineers, Inc.

3-112 May 1965 Observing, Analyzing, and Forecasting the State of the AD 616 616
Ground, by N. C, ,renke

Chrysler Corporation

3-114 A Study of the Vehicle Ride Dynamics Aspect of Ground
Mobility:

Mar 1965 Vol. I Summary, by B. D. Van Deusen AD 467 024

Mar 1965 Vol. 11 Human Response to Vehicle Vibration, by AD 467 025

B. D. Van Deusen
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Contract Reports

Number Date Contractor and Title of Report AD Number

3-114 Apr 1965 Vol. III Theoretical Dynamics Aspects of Vehicle AD 467 026
(Cont) Systems, by B. D. Van Deusen

Apr 1965 Vol. IV Field Measurements, by B. D. Van Deusen and AD 457 027
C. H. Hoppe

"J. S. Army Engineer Ohio River Division Laboratories

3-118 Aug 19.• Photocisstic Studies for Vehicle Mobility Research, by AD 621 221
F. N. iie'li:ger. J. H. Hubbard, and R. L. Peters

Niison, N4tttall, Raimond Engineers, Inc.

3-119 Nov 1964- Summary of Trafficability Tests Through 1963 (in
Jun 1965 11 volume:;)

3-120 Mar 1965 An Exploratory Study of the Effects of Terrain Surface
Obstacips on Vehicle Performance; Firhal Draft, by
G. -. Cohron and R. A. We:-ner

3-130 Dec 196S A Dimensionless Consolidation of WES Data on .-. e Per- AD 626 993
formance of Sand Under Tire Lop s, by C. J. Ntt3ll

U. S. Arry Tank Automotive Center, Land Locomotion Lab.

3-143 Jan 1965 Mobility Environmental Research Study Or,e-Pass Program, AD 467 165
by P. W. Haley

Wilson, Nuttall, Raimond Engineers, Inc.

3-152 Jul 1966 One-Pass Performance of Vehicles on ine-,,rained Soils, AD 487 446
by C. J, Nuttall, C. W. Wilson, and R, A. her:ner

U. S. Army Tank Auzomotive Center, Land Locomotion Lab.

3-1S3 Feb 1966 Mobility Environmental Research Study, Mobility Testing AD 800 462
Procedures, by R. A. Listo,., T. rzako, P. N. Haley, and
others

Colorado State Universitv

3-154 Jun 1966 Instrumentation for Veh.rle Mobility Testing in a
Tropical Environment, by S. J. Clark

FMC Corporation Ordnhance Engineering Division

3-155 Feb 1966 A Computer Analysis of Vehicle Dyr,amics While Traversing AD 803 194
Hard Surface Terrain Profiles

Wilson, Nuttkil. Raimond Engineers, inc.

3-162 May 1967 Ground-Crawling:, 1966; Tha State-of-the-Art of De- AD 816 577
signing Off-Road Vehicles, by C. . Nattall

Geotech,_A Teledyne Company

3-176 Aug 1967 Research, Development, an'J Prototype Production of an AD 837 529
Ultraviolet Sensing Soil Moisture Meter, by J. 1. Cohen
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Contract Reports

Number Date Contractor and Title of Report AD Number

Oregon State University

M-70-1 Characterization of Water Tables in Oregon Soils with
Reference to Trafficability:.

May 1970 Volume I Data, by Larry Boersma and G. H. Simonson AD 870 793

May 1970 Volume II Analysis, by Larry Boersma, G. H. Simonson, AD 870 796
and D. G. Watts

Florida State University

Unnum- Jul 1964 A Study to Develop Methods for the Analysis of the Fine
bered Structure of Sea-Land Boundary Zones, by R. E. Steven-

son and others

Appendix A: Photographs

Appendix B., Maps and Overlays

Appendix C: Profiles

Appendix D, Trafficability Data

Appendix E:. Vegetation Data

Appeadix F:. Vegetation Data

Unnum- Aug 1965 Environmental Studies of Protecteu Sea-Land
bereJ Boundary Zones Along the West Coast of Florida, by

R. E. Stevenson and D. A. Warnke
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SUBJECT INDEX

Accelerated traffic tests
MP 4-769

Aerial cone renetrometers
TR 3-462-1, 3-462-2, 3-462-3, 3-462-4; MP 4-300, 4-899

Aerial photographs -- tropical regions
TR 3-726-6

Air surcharge pressure
MP 4-767

* Aircrdft -- ground flotation
MP 4-923, 4-948

Aircraft landing areas (see also Helicopter landing zones)
TR 3-790; IR S-70-1

Aircraft tires
TR M-74-1; MP 4-948, M-73-16

Airfield cone penetrometer
IR 7

Airfield construction
MP 4-528

Airfield site selection
MP 4-19

Airoll vehicles -- mobility
MP 4-439, 4-513

Airphoto interpretation
TM 3-331-6; TR 3-726-2, 3-726-3, 3-726-4, 3-726-5, 3-726-6, M-70-6;
MP 4-19; CR 4-6, 4-20

Airphoto interpretation -- soil moisture prediction
CR 4-12A

Amphibious vehicles -- mobility (see also Bouyant screw vehicles --
mobility)
TR 3-783-D, 3-808; MP 4-940, M-70-9

Articulated vehicles -- mobility
MP 4-282, 4-412

Beach trafficability (see also Trafficability -- coarse grained soils)
TM 3-240-13, 3-240-15, 3-240-17; MP 4-829, M-74-5, M-75-8; CR U-7/64,
U-8/65

Bibliographies
PSTIAC 2

Bibliographies -- dynamic bearing capacity
CR 3-38

Buoyant screw vehicles -- mobility
TP 3-641, M-70-5; MP 4-751
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Cargo vehicles -- mobility
TR 3-808, M-70-11-4; MP 4-322, 4-940

Climatological data
MP 4-135

Coarse-grained soils -- trafficability (see aiso Beach trafficability)
TM 3-240-4, 3-240-7, 3-240-13, 3-240-15, 3-240-17, 3-240-20;
MP 4-535, 4-647, M-75-8

Computerized models -- soil moisture prediction
MP 73-1

Cone penetrometers (see also Areal cone penetrometers; Penetrometers;
Trafficability test instiuments)
TR 3-652-4; MP 4-462, M-69-7

Container handling vehicles -- mobility
MP S-72-34, M-74-5, M-7S-8

Craters -- mobility
NCG TR 17; MP M-71-4, M-73-S, M-73-6, M--75-3

Cutting blades
MP M-74-3

Desert regions -- terrain analogs
TR 3-588-2

Desert regions -- terrain analysis
MP 4-652, 4-687, 4-921; CR 3-112

Drawbar pull -- field tests

TM 3-240-19; MP M-70-10
Dynamic bearing capacity -- bibliographies

CR 3-38

Elastic loop mobility system
TR M-71-1, M-74-7

Electromagnetic radiation
MP 4-791

Environment bibliography
PSTIAC 2

Environmental analysis -- subarctic regions
CR 3-15, 3-22-1/2

Environmental analy5.is -- ter.perate regions
TR 3-702

Environmental analysis -- tropical regions
TR 5-625, 3-681, 3-702

Environmental effects
MP M-73-15

Environmental factors
TR 5-625, 3-681-1, 3-702; CR 3-15
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Field tests -- drawbar pull
TM 3-240-19; WIP M-70-10

Field tests -- military vehicles -- trafficability (see also Mobility
and specific vehicle type)
TM U-9/45, 3-240, 3-240-4, 3-240-6, 3-240-10, 3-240-12, 3-240-13,

3-240-15, 3-240-17, 3-240-18, 3-414-2, 3-414-3, 3-414-4; TR 3-609
3-656-1, 3-656-2, 3-744-1, M-70-11-2; MP 4-282, 4-505, 4-535, 4-556
4-621, 4-713. 4-959, M-69-5-1; CR 3-143

Field tests -- towed vehicles -- trafficability
TM 3-240-7, 3-240-15, 3-240-17

Fine grained soils -- trafficability
TM 3-240-6, 3-240-7, 3-240-10, 3-240-12, 3-240-18; TR 3-699;
MP 4-204, 4-441, 4-879, 4-917

Flexible pavements -- stress-strain relations
MP N-69-8

Flexible wheels (see also Lunar roving vehicles -- wheels)
TR M-71-6, M-73-5

Footings
TR M-70-14-1, M-70-14-3

Forestry vehicles -- mobility (see also Logging vehicles -- mobility)
MP 4-879, 4-Q59

Freeze-thaw -- soils
TM 3-331-7; MP 3-482

Gamma ray spectrometer
TR M-70-14-2; CR 4-100

Gamma rays -- remote sensing
TR 693-3; MP 4-630, 4-823, 4-986; CR 4-100

GOEP. vehicles -- mobility
TR M-70-3; MP 4-477

Ground flotation -- aircraft
MP 4-923, 4-948

Helicopter landing zones
TR M-74-1; MP 4-528, 4-766

Helicopters
MP M-73-4

Hydrologic geometry factors
TR 3-726-5, 3-783-D, M-7 0-S, M-70-12-1/2

Hydrologic geometry factors -- performance tests (vehicles)
TR 3-783-D, M-70-5

Hydrologic geometry mapping
TR 3-726-5, M-70-12-3

Infrared detectors
MP 4-547

Infrared rays -- remote sensing
TR 3-693-1, 3-693-4; MP 4-547, 4-630
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Laboratory tests -- soil property relations
TM 3-240-1; TR 3-639, 3-652-1, 3-652-4, 3-732; MP 4-284

Land-water interface
TR 3-783-D; MP 4-829; CR U-7/64, U-8/64

Light utility vehicles -- mobility
MP 4-743

Logging vehicles -- mobility
M1P M-69-1

Lunar roving vehicles -- scale models
MP M-72-3

Lunar roving vehicles -- wheels
TR M-70-2, M-70-15, M-71-7, M-71-10-1, M-71-10-2, M-74-7; MP M-70-4,

t* M-71-3
Lunar soils

TR M-70-15, M-71-1, M-71-1-10-1, M-71-10-2, M-74-7

* Meetings -- mobility
HP U-8/62, 4-670, 4-702, 4-854, 4-979, M-75-7

Meetings -- remote sensing
MP 4-791

* Meetings -- terrain analysis
MP 4-791

Meetings -- trafficability
MP 4-594, 4-670, U-4/67

Meterological data
TM 3-331-1, 3-331-2, 3-331-3; MP 4-298, 4-338; CR 3-198

Microgeometry
TR 3-790; MP M-73-7; CR 3-33, 3-155

Microwav:: - remote sensing
TR 3-693-5

Military vehicles -- performance predictions (se,ý alsc Mobility models)
TM 3-240-20, TR M-70-3, M-70-4, M-70-7-1,'2, M-70-10, M-70-l1-2,
M-70-11-3, M-70-11-4, M-71-4, M-73-1; MP M-69-5-2, M-70-7,
M-71-4, M-71-7, M-72-2, M-74-6, ti-75-4

Military vehicles -- reliability
TR M-74-3

Military vehicles -- trafficability -- field tests (see also Mobility
and specific vehicle type; Towed vehicles -- trafficability --
field tests)
TM U-9/45, 3-240, 3-240-4, 3-240-6, 3-240-10, 3-240-12, 3-240-13,
3-240-15, 3-240-17, 3-240-18, 3-414-2, 3-414-3, 3-414-4; TR 3-609,
3-656-1, 3-656-2, 3-144-1, M-70-11-2; MP 4-282, 4-505, 4-535. 4-556,
4-621, 4-713, 4-959, M-69-5-1; CR 3-143

Mobility -- airoll vehicles
.MP 4-439, 4-513

Mobility -- amphibious vehicles (see also Mobility -- bouyant screw
vehicles)
TR 3-783-D, 3-308; MP 4-940, M-70-9
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Mobility -- articulated vehicles
MP 4-282, 4-412

Mobility bibliography
PSTIAC 2

Mobility -- bouyant screw vehicles
TR 3-641, M-7T-5; MP 4-751

Mobility -- cargo vehicles
TR 3-808, M-70-11-4; MP 4-322, 4-940

Mobility -- contaiaer handling vehicles
MP S-72-34, M-74-5, M-75-8

Mobility -- craters
NCG TR 17; MP M-71-4, M-73-5, M-7 3-6, M-75-3

Mobility -- for-stry vehicles (see also Mobility -- logging vehicles)
MP 4-879, 4-959

Mobility -- ,OER vehicles
TR M-70-3; MP 4-477

Mobility -- light utility vehicles
MP 4-743

Mobility -- logging vehicles
MP M-69-1

Mobility -- meetings
MP U-8/62, 4-670, 4-702, 4-854, A-979, M-75-7

Mobility models
TR 3-783-Bl, 3-783-B2, 3-783-C, 3-783-D, 3-783-E, 3-783-F, M-68-1-3,
M-70-3, M-70-7-1/2, M-70-10, M-71-4, M-73-1, S-73-13, M-74-3;
MP M-70-7, M-71-7, M-75-7

Mobility -- ocean bottom vehicles
TR M-10-8; MP M-69-b

Mobility -- overland terrain
TR 3-588-1, 3-588-2

Nlobility -- reconnaissance vehicles
| MP U-3/74, N.-74-6

Mobility research laboratories -- Waterways Experiment Station
TR 366-1; MP 4-404, M-69-2

Mobility -- state of the art studies (see also Trafficability -- state

of the art studies)
TR M-71-?; MP 4-147, 4-241, U-8/62, 4-623, 4-638, 4-670. MP M-69-2;
CR 4-16, 4-17, 3-119-1/6

Mobility -- tanks (combat vehicle3)
TR 3-783-C, M-7C-iO; MP 4-101, M-75-5

Mobility -- test proceddres
Cc 3-153

Mobility -- traccors
MP 1-9i7

Mobility -- trucks
TR 3 783-C, M-68-1-2, M-68-1-3, M-68-1-4; MP 4-438, M-73-14

Mobility -- utility carriers
MP M-69-5-1, M-69-5-2, M-70-9
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Motion resistance (see also Soil-wheel interaction; Soil-track
interaction)
MP 4-828

Muskeg -- trafficability
TM 3-240-2; TR 3-656-1, 3-656-2, 3-744-1; MP 4-446, 4-621, 4-743

Nuclear methods (density and moisture content determination)
TR M-70-14-2; MP 4-117, S-69-15; IR S-74-1

Obstacle - wheel interaction
TR M-68-1-1, M-68-1-lB; MP M-68-5, M-68-7; CR 3-120

Obstacles -- tracked vehicles
TR M-71-1, M-72-1

Ocean-bottom vehicles -- mobility
TR M-70-8; MP M-69-6

One-pass performance
CR 3-143, 3-152

Overland terrain -- mobility
TR 3-588-1, 3-588-2

Penetration resistance (soils)
TR 3-652-5, 3-652-6, M-70-I'i-l, M-70-14-3; MI' 3-749, M-69-7, M-71-2

Penetrometers (see also Aerial cone penetrometers, Cone penetrometers;
Footings; Soil strength test instruments)
TR 3-652-3; MP 4-960, M-71-1, M-71-2, S-72-9

Performance predictions -- military vehicles (see also Mobility models)
TM 3-240-20; TR M-70-3, M-7C-4, M-70-7-1/2, M-70-10, M-70-11-2,
M-70-11-3, M-70-11-4, M-71-4, M-73-1; MP M-69-5-2, M-70-7, M-71-4,
M-71-7, M-72-2, M-74-6, M-75-4

Performance predictions -- tire performance
TR 3-652-7, 3-666-2, 3-666-3, 3-666-4, 3-666-5, 3-666-6, 3-666-7,
3-666-8, 3-670, 3-688, M-71-8; MP 4-870, M-73-16

Performance predictions -- track performance
TR M-71-5-2

Performance tests (vehicles) -- hydrologic geometry factors
TR 3-783-D, M-70-5

Performance tests (vehicles) -- surface composition factors
TR 3-783-F

Performance tests (vehicles) -- surface geometry factors
TR 3-783-C, M-70-11-3, M-70-11-4; CR 3-120

Performance tests (vehicles) -- terrain factors
TR M-7n-3

Performance te3ts (vehicles) -- vegetation factors
TR 3-783-BI, 3-783-B2, 3-783-E; MP M-69-5-2

Photography -- remote sensing (see Airphoto interpretation)
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Plate bearing tests
TR 3-652-5, 3-652-6, M-70-1; MP 3-749

Pneumatic tires
TR 3-516-1, 3-516-2, 3-516-3, 3-545-2, 3-545-4, 3-545-5, 3-652-7,
3-666-1, 3-666-2, 3-666-3, 3-666-4, 3-666-5, 3-666-6, 3-666-7,
3-666-8, 3-670, 3-688, 3-703, 3-729-1, 3-729-2, M-68-1, M-68-1-B,
M-69-2, M-71-8; MP 4-230-1, 4-443, 4-469, 4-477, 4-497, 4-629,
4-7:1, 4-757, 4-828, 4-835, 4-836, 4-870, 4-940, 4-942, 4-944, 4-948,
M-6S-., M-68-2, M-68-5, M-68-7, M-70-6, M-73-2, M-73-16; CR 3-130

Pressure cells (soils)
TR 3-545-2, 3-545-3; MP 4-230-1

Pressure - sinkage relations
TR 3-652-2, M-70-1

Profilometers
MP M-73-7

Radar equipment
CR 4-96-1, 4-96-2, 4-96-3

Radar -- remote sensing
TR 3-693-2, 3-727; MP 4-630; CR 4-96-1, 4-96-2, 4-96-3

Radio waves -- remote sensing
MP 4-822

Reconnaissance vehicles -- mobility
MP U-3/74, M-74-6

Reference test areas
MP 4-921

Reliability -- military vehicles
TR M-74-3

Remote sensing -- gamma rays
TR 3-693-3; MP 4-630, 4-823, 4-986; CR 4-100

Remote sensing -- infrared rays
TR 3-693-1, 3-693-4; MP 4-547, 4-630

Remote sensing -- meetings
MP 4-791

Remote sensing -- mic-owaves
TR 3-693-5

R;mote sensing -- photography (see Airphoto interpretation)
Remote sensing -- radar

TR 3-693-2, 3-727; NIP 4-630; CR 4-96-1, 4-96-2, 4-96-3
Remote sensing -- radio waves

MP 4-822
Remote sensing -- soil moisture prediction

TR 3-727; CR 4-96-3, 4-100
Rice fields

TR 3-702; MP 4-602
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Ride dynamics
TR M-68-1-1, M-68-1-1B, M-68-1-2, M-68-1-3, M-68-1-4, M-70-11-4,
M-72-1, M-73-5; MP 4-893, M-68-5, M-68-7, M-73-14, M-74-6, M-75-5,
M-75-7; CR 3-33, 3-114-i/4, 3-155

Rigid wheels
TR 3-565-1, 3-670, 3-729-2, M-68-2, S-74-7; MP 4-828, M-70-8

Road capability models
TR S-73-13

Scale models -- lunar roving vehicles
MP M-72-3

Short takeoff and landing aircr,,ft
TR 3-790

Slope performance
TM 3-240-8, 3-240-17; TR M-71-6; MP 4-535, M-70-9

Snow strength
MP M-70-2

Snow -- trafficability
TM 3-414-1, 3-414-2, 3-414-3, 3-414-4; MP 4-282, 4-513, 4-713

Soil buildtT (vehicles)
MP 4-940

Soil classification
CR 4-100

Soil cutting (see Cutting blades)
Soil data (see also Trafficability data)

TM 3-331-1, 3-331-2, 3-331-3, 3-331-4, 3-331-5; MP 4-135
Soil density

MP 4-234
Soil density measuring devices (see also Nuclear methods)

TR M-70-14-2; MP M-71-1
Soil moisture

MP 4-73, 4-284
Soil moisture measuring devices (see also Nuclear met'iods)

NIP 4-371; CR 3-176
Soil moisture prediction -- airphoto interpretation

CR 4-12A
Soil moisture prediction -- computerized models

MP 73-1
Soil moisture prediction -- remote sensing

TR 3-727; CR 4-96-3, 4-100
Soil moisture prediction -- subarctic regions

MP 4-135, 3-482
Soil moisture prediction -- temperate regions

TM 3-331-1, 3-331-2, 3-331-3, 3-731-4, 3-331-5, 3-331-9; MP 4-338,
3-482; CR 4-8-1, 4-8-2

Soil moisture prediction -- tropical regions
MP 4-355-1, 4-355-2, 4-355-3, 4-355-4, 4-355-5, 4-355-6, 4-355-7,
4-355-8
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Soil penetration tests
TR 3-652-3, 3-o52-4, 3-652-5, 3-652-6, M-70-14-1, M-70-14-3;
MP 3-749, 4-960, M-69-7, M-71-1, M-7i-2

Soil property relations
TM 3-331-10; TR 3-791-1; MP 4-298, 4-338, 4-838; CR 3-108

Soil property relations -- laboratory tests
TM 3-240-1; TR 3-639, 3-652-1, 3-652-4, 3-732; MP 4-284, 4-457, 4-961

Soil property variations
TM 3-331-8, 3-732; MP 3-749, 4-838, 4-961; CR 3-108

Soil samplers
MP 4-371

Soil sampling
MP 4-949

Soil stabilization
MP M-75-8

Soil strength (see also surface soil strength)
MP 4-238, 4-284, 4-327, 4-350, 3-428, 4-442, 4-446, 4-647, 4-950,
M-70-2, S-70-25; CR 3-38

Soil strength maps
MP M-70-2

Soil strength prediction
TM 3-331-10; MP M-73-1

Soil strength relations
TR 3-65?-3; MP 4-300

Soil strength test instruments (see Cone penetrometers; Penetrometers;
Trafficability test instruments)
TM 3-240-19; TR 3-639, 3-652-1, 3-656-1; MP 4-327, 4-350, M-70-10,
M-72-5, S-72-9

Soil stiength -- unsurfaced airfields
TR 3-554; MP 4-365, 4-394, 4-769, S-70-14, S-70-24; IR S-70-1

Soil-track interaction
TR M-71-1, M-71-5-1, M-7!-5-2; MP 4-322, 4-651, M-74-1

Soil-vehicle interaction
MP 4-362; CR 3-143

Soil-wheel interaction
TR 3-565-1, 3-652-7, 3-666-1, 3-666-2, 3-666-3, 3-666-4, 3-666-5,
3-666-6, 3-666-7, 3-666-8, 3-670, 3-688, 3-703, 3-729-1, 3-729-2,
M-68-2, M-70-2, 1--70-15, M-71-6, M-71-7, M-71-8, M-71-10-1, M-71-10-2,
M-74-1, S-74-7, M-75-1; MP 4-443, 4-626, 4-651, 4-757, 4-758, 4-828,
4-835, 4-836, 4-870, 4-940, 4-944, M-68-1, M-68-2, M-68-6, M-68-8,
M-69-4, M-70-4, M-70-8, M-70-10, M-71-3, M-73-2, M-73-16; CR 3-130

Soils -- freeze-thah
TM 3-331-7; MP 3-482

State of the art studies -- mobility
TR M-71-4; MP 4-147, 4-241, U-8/62, 4-623, 4-638, 4-670; MP M-69-2;
CR 4-16, 4-17, 3-119-1/6

State of the art studies -- trafficability
TM 3-240-S, 3-240-14, 3-414-1, M-71-5-1; MP 4-241, 4-441, 4-638,
4-670, U-4/67; CR 3-119-1/6
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State of the ground
CR 3-112

Stream crossings
TR M-70-5, M-70-12-1

Stress-strain relations -- flexible pavements
MP M-69-8

Stress-strain relations (soils)
TR 3-652-2; MP M-68-6, M-68-8

Stresses under tracks (see also Soil-track interaction)
TR 3-545-3; MP 4-463

Stresses under vehicles
MP 4-362

Stresses under wheels (see also Soil-wheel interaction)
TR 3-545-2, 3-545-4, 3-545-5, 3-565-1, M-68-2, M-69-2, S-74-7;
MP 4-230-1, 4-463, 4-469, 4-497, 4-629, M-68-6, M-68-8, M-70-6;
CR 3-118

Subarctic regions -- environmental analysis
CR 3-15, 3-22-1/2

Subarctic regions -- soil moisture prediction
MP 4-135, 3-482

Subarctic regions -- terrain analysis
MP 3-861

Surface composition factors
TR 3-726-2

Surface compobition factors -- performance tests (vehicles)
TR 3-783-F

Surface composition mapping
TR 3-726-2

Surface geometry factors
TR 3-726-3

Suriace geometry factors -- performance tests (vehicles)
TR 3-783-C, M-70-11-3, M-70-11-4; CR 3-120

Surface geometry mapping
TR 3-726-3

Surface soil strength (see also Soil strength)
TM 3-240-19; MP M-70-10, M-72 S

Surface water
TR 3-727

Synthalogous environment
TR M-70-7-1/2

Synthetic soils
MP M-71-5

Tanks (co.bat vehicles) -- mobility
TR 3-783-C, M-70-10; MP 4-101, M-75-5

Temperate regions -- environmental ar.qlysis
TR 3-702
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Temperate regions - soil moisture prediction
TV 3-331-1. 3-331-2, 3-331-3, 3-331-4, 3-331-5, 3-331-9; MP 4-338,
3-482; CR 4-8-1, 4-8-2

Temperate regions -- terrain analysis
TR 3-808, M-70-6, M-70-7-1/2; MP 4-528, 4-726, 11-3/74, M-74-8, M-75-4

Terra-tires
NIP 4-940, 4-942

Terrain analogs
TR 3-7C2, 3-808; MP 4-829, U-3/74, M-74-8

Terrain analogs -- desert regions
TR 3-5OO-2

Terrain analysis
MP 4-652, 4-687, 4-921; CR 3-112

Terrain analisis -- desert regions
TR 3-588-1, 3-588-2, M-70-7 1/2, M-75-4

Terrain analysis -- meetings
NMP 4-791

Terrain analysis -- subarctic regions
MP 3-861

Terrain analysis -- temperate regions
TR 3-808, M-70-6, M-70-7-1/2; MP 4-528, 4-726, U-3/74, M-74-8, M-75-4

Terrain analysis -- tropical regions
TR 3-609, 3-726-1, 3-726-2, 3-726-3, 3-726-4, 3-726-5, 3-726-6,
3-726-7, 3-726-8, 3-791-1, 3-808, M-70-7-1/2; MP 4-556, M-69-5-1

Terrain classification
TR 5-625, 3-726-1, M-70-6; MP 4-444, 3-592, 4-652, 3-861

Terrain data (see Soil data; Trafficability data)
Terrain factor maps

TR 3-588-1, 3-726-1, 3-726-7, 3-726-8; M-70-6, M-70-12-3; NP M-70-7,
M-72-6, U-3/74, M-74-8

Terrain factors
TR M-70-4, M-70-7-1/2, M-70-10; NP 4-444, 3-592, 4-602, 4-652, 4-726,
4-829, 4-921

Terrain factors -- performance tests (vehicles)
TR M-70-3

Terrain mapping
TR 3-726-7, M-70-6; MP 4-444, 4-687, 4-726, 3-861

Terrain models (analytical)
TR M-70-12-1; NIP M-75-7

Terrastar locomotion concept
NP M-68-4, 1-69-4

Test plans -- trafficability
IR U-10/61, U-1/62

Test procedures -- mobility
CR 3-153

Thesauri
PSTIAC 1
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Tire deflection (see also Soil-wheel interaction)
TR 3-516-1, 3-516-2, 3-516-3, 3-S45-4, 3-545-5; MP 4-497, 4-750,
Ni-•8 -5

STIt performance -- performance predictions
TR 3-652-7, 3-666-2, 3-666-3, 3-666-4, 3-666-5, 3-666-C, 3-666-7,
* •-..66-8, 3-670, 3-688, M-71-8; MP 4-870, M-73-16

i'ircs, pneumatic (see Pneumatic tires)
Tire test eouJ.pment

TR '.516-2
Tire testb ksee Soil-wheel interaction; Tire performance -- performance

predictions)
Tire tread patteras

MP 4-942, M-70-9
Towed vehicles -- trafficability -- field tests

TM 3-240-7, 3-240-15, 3-240-17
Towed wheels

MP 4-626
Track performance - - lerformance predictions

TR M-71-5-2
Tracked vehicles -- obstaci•t

TR M-71-1, M--72-1
Traction devices

MP 4-322
Tractors -- mobility

MP 4-917
Traffic tests (see also Accelerated tra.?iic tests)

MP 4-365, 4-394
Trafficability bibliography

PSTIAC 2
Trafficability classification

TM 3-240-11, 3-240-14, 3-240-16, 3-240-20; TR 3-753; MP 4-442, 4-461
Trafficability -- coarse grained soils (see also Beach trafficability)

TM 3-240-4, 3-240-7, 3-240-13, 3-240-15, 3-240-17, 3-240-20;
MP 4-535, 4-647, M-75-8

Trafficability data (see also Soil data)
TM 3-240-5, 3-240-16; TR 3-753, 3-791-2; MP 4-298, 4-447, 4-505,
4-602; CR 3-108

Trafficability -- field tests -- military vehicles (sev also Mobility
and specific vehicle type)
TM U-9/45, 3-240, 3-240-4, 3-240-6, 3-240-10, 3-240-12, 3-240-13,
3-240-15, 3-240-17, 3-240-18, 3-414-2, 3-414-3, 3-414-4; TR 3-609,
3-656-1, 3-656-2, 3-744-1, M-70-11-2; MP 4-282, 4-505, 4--535,
4-556, 4-621, 4-713, 4-959, M-69-5-1; CR 3-143

Trafficability -- field tests -- towed vehicles
TM 3-240-7, 3-240-15, 3-240-17

Trafficability -- fine grained soils
TM 3-240-6, 3-240-7, 3-240-10, 3-240-12, 3-240-18; TR 3-639;
MP 4-284, 4-441, 4-879, 4-917
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Trafficability mapping
* TM 3-240-14; MP 4-19, 4-461
* Trafficability maps

MP 4-101
Trafficability -- meetings

MP 4-594, 4-670, U-4/67
Trafficability -- muskeg

TM 3-240-2; TR 3-656-1, 3-656-2, 3-744-1; MP 4-446, 4-621, 4-743
Trafficability prediction (see also boil moisture prediction; Soil

strength prediction; Water table prediction)
TM 3-240-14, 3-331-6, 3-331-7; TR 3-791-1; MP U-4/67; CR 4-6, 4-20

* Trafficability -- snow
TM 3-414-1, 3-414-2, 3-414-3, 3-414-4; MP 4-282, 4-513, 4-713

Trafficability -- state of the art studies (see also Mobility -- state
of the art studies)
TM 3-240-5, 3-240-14, 3-414-1, M-71-5-1; MP 4-241, 4-441, 4-638,
4-670, U-4/67; CR 3-119-1/6

Trafficability test instruments
TM 3-240-3, 3-240-13; MP 4-441, 4-463

Trafficability -- test plans
IR U-10/61, U-1/62

Transportation
MP M-73-15

Tropical regions -- aerial photographs
TR 3-726-6

Tropical regions -- environmental analysis
TR 5-625, 3-681-1, 3-702

Tropical regions -- soil moisture prediction
MP 4-355-1, 4-355-2, 4-355-3, 4-355-4, 4-355-5, 4-355-6, 4-355-7,
4-355-8

Tropical regions -- terrain analysis
TR 3-609, 3-726-1, 3-726-2, 3-726-3, 3-726-4, 3-726-5, 3-726-6,
3-726-7, 3-726-8, 3-791-1, 3-808, M-70-7-l/2; MP 4-556, M-69-5-1

Trucks -- mobility
IR 3-783-C, M-68-1-2, M-68-1-3, M-68-1-4; MP 4-438, M-73-14

Twin wheels
TR M-71-8

Unsurfaced airfields -- soil strength
TR 3-554; MP 4-365, 4-394, 4-769, S-70-24; IR S-70-1

Unsurfaced roads
MP M-74-7

Unsurfaced runway performance and evaluation
MP 4-365, M-73-7

Utility carriers -- mobility
MP M-69-5-l, M-69-5-2, M-70-9
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Vegetation factors
TR 3-726-4

Vegetation factors -- performance tests (vehicles)
TR 3-783-B1, 3-783-B2, 3-783-E; MP M-69-5-2

Vegetation mapping
TR 3-726-4

Vehicle classes
TM 3-240-9

Vehicle cone index
TM 3-240-18; MP M-73-4

Vehicle design
TR M-70-11-2; MP 4-702, 4-854, 4-979, M-72-2; CR 3-162

Vehicle test instruments
TR 3-783-A; CR 3-154

Visibility
TR 3-783-E

Walking speed
MP 4-950

War games
MP M-75-4

Water content determination (soils)
MP 4-73

Water table prediction
TM 3-331-9; CR M-70-1-1, M-70-1-2

Waterways Experiment Station -- mobility research laboratories
TR 3-666-1; MP 4-404, M-69-2

Wheeled-tracked vehicles
MP M-74-1

Wheels -- lunar roving vehicles
TR M-70-2, M-70-15, M-71-7, M-71-10-1, M-71-10-2, M-74-7; MP A-70-4,
M-71-3

X-rays
MP S-70-25
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PERSONAL AUTHOR INDEX*

Addor, Eugene E.
TR 3-726-4; MP 4-687

Ahlvin, Richard G.
MP 4-528, 4-923

Al-Hussaini, Mosaid M.
TR S-74-7

Anderson, Vernon H.**
TR 3-726-6

Ansted, G. Wayne**
TR 5-625

Barber, Victor C.
TR S-73-13

Bassett, John R.
TM 3-331-9; MP 4-355-2, 4-838

Benn, Bob 0.
TR 3-783-A

Blackmon, Claude A.
TM 3-414-4; TR 3-462-3, 3-783-B-1, 3-783-B-2, 3-783-C, 3-783-D,
3-783-F, M-70-10; MP 4-949, M-71-4, M-73-6, U-3/74

Bohnert, William P., Jr.
MP 4-355-7, M-70-2

Boyd, Conor W.**
MP 4-647

Broughton, Jerald D.
TR 3-681-1, 3-726-4

Brown, Donald N.
NP 4-923, S-72-34, M-73-16

Burke, Hubert D.
MP 4-338, 4-371

Burns, Cecil D.
TR 3-554; MP 4-394

Burns, James R.
TR 3-726-1

* Authors of contract reports are not included.

** Non-WES employee
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Carlson, Charles A.
TM 3-331-4, 3-331-5, 3-331-8; MP 4-355-7, 4-594

Chou, Yu-Teng
MP M-69-8, M-70-6, M-71-2

Clark, Andrew A.
MP S-72-34

Collins, John G.
TM 3-331-10; TR 3-791-1, 3-791-2

Compton, Joseph R.
MP 4-444

Czako, Tibor F.**
TR 5-625

Davis, Billy R.
TR 3-693-1, 3-727

Pecell, Joseph L.
TR M-70-11-3; MP M-69-5-2

Del Mar, David B.
TR 3-681-1

Desmaris, A. Paul
TR M-70-12-1/3

Dornbusch, William K., Jr.
TR 3-726-3, 3-726-7

Dugoff, Howard**
7R M-73-1

Duke, Leiland M.
TR 3-588-2

Durham, Gary N.
MP M-75-8

Fenwick, William B.
IR 7

Fife, Katherine S.
TR M-70-12-1/3

Finelli, Joseph P.**
TM 3-414-1

Foster, Charles R.
MP 4-147

Freitag, Dean R.
TM 3-240-13; TR 3-516-3, 3-545-3, 3-670, 3-688, M-70-2; MP 4-443,
4-462, 4-463, 4-469, 4-535, 4-623, 4-629, 4-651, 4-750, 4-835,
4-836, 4-854, 4-959, 4-960, M-69-6, M-69-7, M-70-4

** Non-WES employee.
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Friesz, Richard R.
TR M-70-12-1/3

Frost, Robert E.**
TR 3-726-6

Garrett, Edgar E.
TR 3-726-5; MP 4-528, 4-556, 4-829

Gilbert, Paul A.
TR S-74-7

Grabau, Warren E.
TM 3-331-6; TR 5-625, 3-726-1, M-70-i2-1/3; MP 3-592, 4-652, 4-687,
4-921, M-70-7

Green, Andrew J., Jr.
TR 3-516-1, 3-516-2, 3-545-4, 3-545-5, 3-652-1, 3-666-2, 3-666-4,
3-666-5, 3-790, M-70-2, M-70-14-1, M-70-14-3, M-70-15, M-71-1,
M-71-7, M-71-10-1; MP 4-327, 4-350, 4-469, 4-497, 4-629, M-68-1,
M-68-7, M-69-2, M-70-4, M-71-3, M-71-5, M-73-15

Green, Charles E.
TR M-70-5, M-74-1; MP 1I-73-5, M-73-6, M-75-3

Green, John E.
TR 3-545-3; MP 4-362

Hammitt, George M., II
MP S-70-14; IR S-70-1

Harden, Herbert W.**
TR 5-625

Harrison, William L.**
NCG TR 17

Hicks, Thomas E.
MP 4-355-6

Hill, Webster J.
MP 4-948

Horton, Jerold S.**
TM 3-331-4, 3-331-5

Hughes, bt-rnard C.**
NCG TR 17

Hutto, Thomas D.
MP M-69-5-2

Hvorslev, Mikael J.
TR M-70-1; MP 3-428, S-72-9

** Non-WEES employee.
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Ingram, Windell F.
TR M-73-5

Janosi, Zoltan J.**
MP 4-651

Johnson, Philip L.**
TR 3-726-6

Kennedy, James G.
TM 3-240-18, 3-240-20; TR 3-462-4, 3-702, 3-791-1, 3-791-2;
MP 4-355-6, 4-602

Keown, Malcolm P.
TR 3-783-A

Knight, Sterling J.
TM 3-240-13, 3-240-14, 3-240-16, 3-331-7, 3-414-2; TR 3-462-1,
3-462-2, 3-462-3, 3-641, 3-693-1; MP 4-147, 4-238, 4-241, 4-284,
4-327, 4-362, 4-404, 4-441, 4-442, 4-447, 4-457, 4-461, 4-462, 4-463,
4-497, 4-535, 4-547, 4-623, 4-638, 4-647, 4-702, 4-751, 4-838,
4-854, 4-899, 4-949

Kolb, Charles R.
TR 3-588-1; MP 3-482, 3-861

Kraft, Leland M.
MP 4-944

Krinitzsky, Ellis L.
MP S-70-25

Krwnback, Arthur W., Jr.
MP 4-371

Lacavich, Richard J.
MP S-72-34

Ladd, Donald M.
MP S-70-24

Lanz, Larry J.
MP 4-767

Larson, David E.**
MP 4-135

Lavecchia, Nicholas J., Jr.
TR 3-693-4

** Non-WES employee.
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LeFlaive, Etienne M.
TR 3-729-1, 3-729-2; HP 4-758, M-68-2

Leighty, Robert D.**
TR 3-726-6

Lessem, Allan S.
TR M-68-l-1, M-68-1-2, M-72-1, M-74-3; MP M-68-5, M-68-7, M-72-3

Link, Lewis E., Jr.
MP M-72-4, M-73-7

Lipscomb, Ernest B.
TR 3-693-1; MP 4-547, 4-63)

Lundien, Jerry R
TR 3-693-2, 3-693-3, 3-693-5, 3-727

Maxwell, Audley A.
HP 4-394

McDaniel, Alvin R.
TM 3-331-8; MP 4-355-3, 4-355-4, 4-355-5, 4-355-8, 4-838

McRae, John L.
TR 3-545-4, 3-666-1; 4.; 4-626, 4-638, 4-828, 4-870

Meltzer, Klaus -J.
TR 3-652-4, M-70-2, M-70-15, M-71-1, M-71-8, M-71-10-1, M-71-10-2,

M-74-7; HP M-70-4, M-71-1, M-71-3, M-/3-2
Meyer, Marvin P.
TM 3-240-16, 3-331-9; TR 3-732, 3-753; MP 4-355-7, 4-442, 4-461,
4-743, 4-961, M-70-2, M-73-1; PSTIAC 2

Miles, Robert D.**
TM 3-331-6

Murphy, Newell R., Jr.
TR 3-545-4, 3-545-5, 3-652-1, 3-652-2, 3-666-6, 3-783-C, M-68-1-B,
M-68-1.3, M-70-11-4, :'..72-1, S-73-13; MP 4-629, M-68-1, M-75-5

Nikodem, Hans J.

TR 3-693-4; HP 4-822
Nutta11, Clifford J., Jr.

TM 3-414-1; TR M-71-4, M-73-1

Orvedal, A. Clifford**
TR 5-625

** Noa-W'ES employee.
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Palmer, Halsey L.
TM 3-240-13

Parks, Judith A.
MP M-71-/

Patin, Thomas R.
TR 3-'.66-7, M-75-1; MP M-72-5

Paul, Roger**
NCG TR 17

Poplin, Jack K.
MP 3-749

Poulin, Ambrose 0.**
TR 3-726-6

Powell, Conway J.
TR 3-666-1, 3-666-2

Radforth, Norman W.**
TR 3-656-1, 3-656-2

Randolph, Donald D.
TR 3-783-B-2, M-70-4, M-70-7-1/2; MP M-73-15, U-3/74, M-74-8

Reinhart, Keith G.**
MP 4-117

Richardson, Boone Y.**
MP 4-959, M-69-1

Rinker, Jack N.**
TR 3-726-6

Robinson, James H.
TM 3-240-19; MP M-68-4, M-69-1, M-69-4, M-74-7, M-75-5

Rone, Carlton L.
TR 3-462-3

Ross'er, Thomas B., III
MP S-69-15

Ru'a, Adam A.
TM 3-331-6, 3-414-2, 3-414-3, 3-414-4; TR 4-609, 5-625, 3-808, M-70-4,
M-70-10, M-70-11-4, M-71-4, M-73-1; MP 4-282, 4-300, 4-322, 4-355-1,
4-439, 4-441, 4-446, 4-854, 4-950, M-69-5-2, M-71-4, M-73-15, M-74-7

Rush, Edward S.
TM 3-240-15, 3-240-17, 3-240-18, 3-240-19, 3-414-2; TR 3-641, 3-656-1,
3-656-2, 3-702, 3-744-1, 3-790, M-74-1; MP 4-117, 4-284, 4-298,
4-355-1, 4-355-2, 4-371, 4-412, 4-438, 4-439, 4-477, 4-505, 4-556,
4-751, 4-766, 4-879, 4-917, 4-940, 4-950, M-68-4, M-69-5-1, M-70-9,
M-70-10, S-72-34, M-73-4, M-74-5, M-75-8

** Non-WES employee.
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Schreiner, Barton G.
TR 3-609, 3-656-2, 3-744-1, 3-808, M-70-5, M-70-11-2-1; MP 4-621,
4-713, M-70-9, M-73-14, M-74-6, M-75-4

Shamburger, John H.
TR 3-588-1, 3-588-2, 3-681-1, 3-726-1, 3-726-5, M-70-6; MP 4-726,
3-861

Shockley, Woodland G.
MP 4-547, 4-893

Smith, Jerry L.
TR 3-639, 3-652-1, 3-703; MP 4-757, 4-942

Smith, Margaret H.
TR 3-791-1, 3-791-2; MP 4-355-8, M-73-1

Smith, Mary E.
TR 3-516-3, 3-545-2, 3-565-1; MP 4-750

Smith, Norman H.
TM 3-331-7; MP 4-513

Smith, Robert P.
TR M-70-5; NP M-69-1, M-69-4

Stinson, Beryl G.
TR 3-641, 3-783-D, 3-783-E, M-70-3, M-70-10; MP 4-751, 4-917, M-70-7

Stoll, Jack K.
TR 3-783-B-I, 3-783-D, M-70-4, M-70-10; MP M-70-7, M-71-7

Swanson, Gary D.
TR M-74-7, M-75-1

Switzer, Gerald G.
TR M-68-1-4; MP M-69-2

Temple, Robert G.
MP 4-879

Thompson, Allen B.
TR 3-545-2; MP 4-230-1

Tobiaski, Robert A.
MP 4-135, 4-355-2

Turnage, Gerald W.
TR 3-652-3, 3-652-5, 3-652-6, 3-652-7, 3-666-4, 3-666-8, M-71-5-1,
M-75-5-2; MP M-69-7, M-73-16

Turnbull, Willard J.
MP 4-338, 4-394, 4-443, 4-447

Van Lopik, Jack R.
MP 4-444, 3-482
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Watkins, James E.
NP 4-948

Webster, Steve L.
NMP S-69-15; IR S-74-1

West, Harold W.
MP M-75-4

Wiendieck, Klaus W.
TR M-68-2, M-69-2, M-70-8, M-71-6; MP M-68-6, M-68-8, M-69-6, M-70-8

Williamson, Albert N., Jr.
TR 3-693-4, 3-727, M-70-14-2; MP 4-823, 4-986

Willis, William G.
TR M-70-12-1/3

Willoughby, Williaz. E.

MP M-73-14, M-74-1, M-74-6
Wismer, Robert D.

TR 3-666-1, 3-666-3
Womack, Loren M.

MP 4-365, 4-769
Woods, Harry K.

TR M-70-6; MP 4-726, 3-861
Wright, Robert C.

TR 3-726-1
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CORPORATE AUTHOR INDEX

Chrysler Corporation
CR 3-114-1/4

Colorado State University
CR 3-154

Cornell University
CR 3-15

FMC Corporation, Ordnance Engineering Division
CR 3-33, 3-155

Florida State University
CR U-7/64, U-8/65

Geotech, Teledyne Company
CR 3-176

Illinois, University of
CR 3-38

Oregon State University
CR M-70-1-1, M-70-1-2

Purdue University
CR 4-6-1/6, 4-12A, 4-20, 3-108

Texas Instruments, Inc.
CR 4-96-1, 4-96-2, 4-96-3, 4-100

U. S. Army Engineer Ohio River Division Laboratories
CR 3-118

U. S. Army Tank Automotive Center, Land Locomotion Laboratory
CR 3-143, 3-153

U. S. Forest Service
CR 4-8-1, 4-8-2

U. S. Geological Survey, Military Geology Branch
CR 3-22-1/2

Wilson, Nuttall, Raimond Engineers, Inc.
CR 4-16, 4-17, 3-112, 3-119-1/6, 3-120, 3-130, 3-152, 3-162
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REGION INDEX

Canada
Manitoba, Fort Churchill

TM 3-240-2, 3-414-4; CR 3-15
Northwest Territory -- Eureka, Mould Bay, Alert

MP 4-298
Ontario, Kupuskasing

TM 3-414-4
Ontario, Parry Sound

TR 3-656-1, 3-656-2; MP 4-621, 4-743
Columbia

NIP 4-355-4
Costa Rica

MP 4-355-5, 4-355-8

Franc,;
TM 3-240-17

Grea-ý Britain
MP 4-19

Greenland
TM 3-414-2, 3-414-3; MP 4-713

Mexico
CR 3-30-1

Middle East
MP M-75-4

Pacific Islands
TM 3-240-15

Panama
TR 3-609; MP 4-556

Panama Canal Zone
TR 3-732; MP 4-355-1, 4-355-3, 4-961; IR U-1/62

Puerto Rico
TR 3-732; MP 4-355-2, 4-355-6, 4-961; IR U-1/62

South Vietnam
TR 3-808; MP M-70-2
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Thailand
TR 5-625, 3-681-1, 3-702, 3-726-1, 3-726-2, 3-726-3, 3-726-4,
3-726-5, 3-726-6, 3-726-7, 3-726-8, 3-732, 3-753, 3-783-B-2, 3-783-D,
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CR 3-154

United States
Alabama

MP 4-461
Alaska, Fairbanks

hP 4-135
Arkansas

MP 4-838
Arkansas, Crossett

TM 3-331-9
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hP 4-602
Arkansas, Stuttgart
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Colorado, Boulder
TM 3-414-4

Florida
HP 4-829; CR U-7/64, U-8/65

Georgia
MP 4-461

Hawaii
TR 3-'?32; MP 4-355-7, 4-961

Indiana
CR 4-20
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CR 3-108

Louisiana
MP 4-838

Louisiana, Crowley
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Michigan, Houghton
TM 3-414-4; MP M-74-1

Mississippi, Laurel
TM 3-240-10

Mississippi River Floodplain
TR 3-702, 3-808, M-70-5

Mississippi, Vicksburg
TM 3-240-6, 3-240-7, 3-240-10, 3-331-1, 3-331-2, 3-331-3, 3-331-8;
TR M-70-11-2-1; MP 4-766, M-74-1; CR 4-8-1, 4-8-2

Nevada
TR M-70-11-2-1; MP M-74-7
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Oregon
CR M-70-1-1, M-70-1-2

Virginia
TR 3-808

Virginia, Little Creek
MP M-74-5

West Germany
TR M-70-6, M-70-10, M-70-12-1/3; MP M-74-8, M-75-4
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MILITARY BASE INDEX

Aberdeen Proving Ground, Maryland
MP 4-766, M-74-6

Camp A. P. Hill, Virginia
MP 4-SOS, 4-726

Camp Gagetowr, Canada
TR M-70-3

Camp Hale, Colorado
TM 3-414-4; MP 4-513

Camp LeJeune, North Carolina
TM 3-240-15; MP 4-726

Camp Pickett, Virginia
MP 4-726

Camp Shelby, Mississippi
MP 4-726

Camp Stewart, Georgia
MP 4-101, 4-528

Cherry Point MAS, North Carolina
MP 4-726

Edwards Air Force Base, California
MP 4-365

Eglin Air Force Base, Florida
TR 3-554, 3-783-B-1, 3-783-B-2, 3-783-D, 3-783-E; MP 4-726

Fort Bragg, North Carolina
MP 4-528

Fort Campbell, Kentucky
MP 4-726

Fort Greely, Alaska
MP 3-861; CR 3-22

Fort Jackson, South Carolina
MP 4-726

Fort Knox, Kentucky
Th-3-240-i0; MP 4-726, U-3/74, M-74-6, M-74-8, M-75-5

Fort Leonard Wood, Missouri
MP 4-726

* Fort McClellan, Alabama
MP 4-726
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Foit Polk, Louisiana
MP M-75-3

Fort Ruckner, Alabama
MP 4-300, 4-726

Fort Wainwright, Alaska
TR 3-744-1

Marshall Space Flight Center, Mississippi
TR 3-783-B-1, 3-783-B-2

Meridian Nav3l Air Station, Mississippi
MP 4-726

Pine Bluff Arsenal, Arkansas
MP 4-726

Pope Air Force Base, North Carolina
TR 3-554

Quantico Marine Schools, Virginia
MP 4-726

Yuma Test Station, Arizona
TM 3-240-4, 3-240-7, "-240-15; TR 3-588-1, 3-588-2
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I1. ABSTRACT

This report describes tests conducted with self-propelled vehicles on natural
soil conditions at sites near Vicksburg, Miss., near Laurel, Hiss., and at Fort
Knox, Ky., during 1949 and 1950. Only fine-grained soils were included in these
tests. The 1949 test prof-An was in the nature of a pilot study and was con-
ducted to determine whether the criteria cstablishcd for controlled soil condi-
tions apply to natural soil conditions, or whether a wide program of tests on
natu.al soil conditions would be needed, and to devise new te:t procedures,
mcthooo, and techniques, and new criteria if additional tests were found necessar
The tests conducted in 1950 utilized techniques of testing and correlation
developed or indicated in the 1949 tests and provided additional information
concerninL the effects of traffic on the strength of natural soils. A des-
criptive account of the testing program and the test data obtained, and an
analysis of the results are presented in this report.

KEYWORDS: Field te~sts; Fine grained soils; Military bases; Military vehicles;

Self propelled vehicles; Soil strength; TrfficabiOity;[Fort" Knox,
Kentucky; Laurel, Mississippi; Vicksburg, Mississippi3

DD,'..0,,.. 1473

73



Unclass ified
Secuuity Clnsification ,

DESCRIPTIVEur-M~f CONTES DATAe .1 R&DS*4djC&.v d

S OnTRIACTN OR GANTIVT NO.Ist oSC.a 241.NAOR RPORT NU SC IT CASIIATO

Teckburicals Meoanu GRUP.3-

POEleeth NO.leen 8-i-5-0 Elvet Suppeien

ID. AVAILR ADILT/IATEO NOTTOAICES PG1:1- 7; ý 81RF

;a. SUPPLEAETOnGA NT NOTE 941. SORGNSTORIN ;&ILITAR ACTIVITY

Superseded by Technical Memorandum Chie 3fEniner0D
PROJEC 3-240 Sixteenth0 Suplletvahnton SupC.lement

Throec purpoe: ofthis sudyas lto poduc 9e6 n ocof rzxmc)to estimating thersa tafficabiality4

"Te U iidSoils Classedtote oificti on Sy tem, s daPted Mrh 15. h td a

limitved mainpuly c totelanalseisoftrafficai ulityitestd odcedsne1.

byithsae Watler.y Waphiigtont D.taton31

KEYWoRDs: Scorig streth;i Statitifcalo alyis; thefnficabioitl Classification

"Th Unfe 1473s Cnlassificat ion Sse, ae ac 93 h td a

74



S7,_urity C(*,. • I N,, ! , .i W
DOCU, ,M,. L.,ONfROL DATA- R&D

($¢ututy Cl 3 , 4W, .1 W,1 ti le t , . bbwrr t,-d ...d.,.,,., Oflfl., ',o, mu,, SC entered when de.. *"Wll rcpo.t al Al .ul.,c,

I OVIGINATIII G $.CIVITY (CarportO 001ho,) 124 ILPOnIT RCCufITY C L.ASSIFICASI'N

U. S. Amy Enincer Watcrways Experiirent Station Unclassified
Vicksburg, Miss. a cmoup

3 REPORT TITLE

TRArFICABILITY OF SOILS; TESTS ON NATURAL SOILS WITH SELF-PROPELLED VEHICLES,
1951-1953

4. DESCRIPTIVE NOTES (Type of ,.poti nd w ncla,.lve dafle)

Twelfth supplement in a series
S. AUTINOR(S) (La8. n"@. 110ll09 n800, ilnlIlW

Anonymous

6 REPORT DATE 7a. TOTAL NO. OP PAGE j ?7 NO. OF REPS

November 1954 100 0
Be. CONTRACT OR GRANT NO. 18 ORIGINATOR'S REPORT NUM1EC(S)

Technical Memorandum No. 3-2u0
. PaROJECT NO. 8-70-05-001 Twelfth Supplement

Project Title: Trafficability of 96. OTH1JE^RCO~ORT No(S) (An I..v nuMmeb., Aot imy be e..lgn.d

Soils as Related to the Mobility of A 052 206
1 M.ilitarvy Vehicles _D _052_206

10 AVAIL ABILITY/LIMITATION NOTICES

Approved for public release; distribution unlimited.

t. SUPPLEMENTARY NOTES I 2. SPONSORING MILITARY ACTIVITY

Chief of Engineers, DA
Washington, D. C. 20315

13. ABSTRACT

The tests described in this report were conducted With several self-propelled
vehicles without tow loads on natural fine-graineJ soils at a number of sites
during the years 1951, 1952, and 1953. Similar tests conducted in 1949 and 1950
with only two vehicles on natu.,al fine-grained soils, having plasticity indexes
less than about 20 or greater ÷nan about 38, had permitted the development of
instruments and techniques for .- easuring the trafficability of a fine-grained
soil and predicting the performance of a vehicle on it. The purpose of, the

tests reported herein was to veriey the soil parameter-vehicle perfom.ance
relations previously established, by additional testing vith other vehicles on
a wider range of soils. The integrity of formulas for computing vehicle cone

indexes, the minimum soil strength required for the operation of vehicles, was
also verified.

KEYWORDS: Field tests; Fine grained soils; Military vehicles; Self rropelled
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Chief of Engineers, DA
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13. ABSTRACT

This is an account of the first major attempt by the Waterways Experiment Station
to correlate vehicle performance with measured properties of coarse-grained soils.
Purpose of field testing was (a) to become intimate with mobility problems on
coarse-grained soils and (b) to determine whether instruments and techniques that
had been successful for defining trafficability of fine-grained soils would also
be successful in coarse-grained soils. In more than 300 tests using 18 vehicles
at 17 locations, 11 of which were beaches, it is demornstrated that fours instru-
ments are capable of making measurcnents in sands which can be correlated with
slope-climbing ability of trucks when cognizance is taken of tire pressure, with
about 85 percent accuracy. "Of the four instruments, the cone penetrometer is
selected for future studies because of its ability to determine subsurface con-
ditions and because it also is used for fine-grained soils.

KEYWORDS: Beach trafficability; Coarse grained soils; Field tests; Military
vehicles; Mobility; Trafficability; Trafficability test instruments
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It SUPPLEMENTARY NOTCS 12. SPO0NSORING MILITARY ACTIVITY

Sponsored in part by U. S. Navy Chief of Engineers, DA
Bureau of Yards and Docks Washington, D. C. 20315

IS. ABSTRACT

Self-propelled, towing, and towed tests of several military vehices were conduct:
on coarse-grained soils to correlate vehicle performance with strength (cone inde)
and moisture condition of the soil, and vehicle characteristics. Vehicle per-
formance for self-propelled vehicles is expressed in terms of immobilizacions
and nonimmobilizations an-. ability to pull drawbar loads; for towcd vehicles, in
terms of towing-force requirements. Single self-propelled wheeled vehicles were
tested on undisturbed coral and volcanic sands on Pacific islands, and on quartz
sand (desert and beach) in the United States. Towing tests were conducted on
harrowed sand at Yuma, Ariz; towed-vehicle tests were conducted on disturbed and
undisturbed sand at Camp Lejeune, N. C. Principal conclusions are: (a) per-
formance of single self-propelled vehicles can be expressed in cone index-slope
climbing ability terms; (b) wet sands are more trafficable than dry-to-moist sands
(c) towing ability or, harrowed sand slopes can be computed with reasonable ac-
curacy from measurements obtained on level harrowed sand; and (d) towing-force
requirements of wheeled trailers can be correlated with cone Index and tire
pressure.

KEYWORDS: Beach trafficability; Coarse grained soils; Desert regions; Field tests;
Military bases; Military vehicles; Mobility; Self propelled vehicles;

Towed vehicles; Trafficability;[Camp Lejeune, N. C.; Pacific Islands;
Yuma, Ariz.]
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13. AUSTRACT
A statistical analysis was made of soil strength (cone index, remolding index,and rating cone index), soil moisture, dry density, and percent saturation for

soils classified according to the Unified Soil Classification System (USCS) and
U. S. Departmnent of Agriculture (USDA) classification system. Data were obtaincd
during wet-season periods from more than 1300 sites located principally in humid,
temperate reZions of the United States. Soils of high- and low-topography
positions were analyzed for average and hirh-moisture conditions in the'wet sea-
son. The informnation was used to improve an Existing scheme for classifying soils
according to their trafficability. A comparison of USI'S and USDA soil types was
made for the 6- to 12-in. layer of soils, and a study was made to compare the type
of soil in the 0- to 6-in. layer with the type in the 6- to 12-in. layer of the
profile, in USDA terms. Two appendices describe data sources and test procedures.

KEYWORDS: Soil strength; Statistical analysis; Trafficability classification;
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1$ AGSTRACT

Standard trafficability and special tests ".ith 21 military vehicles were con-
ducted on coarse-grained sol)l. Areas of investigation included: (a) the
correlation of slope-clirinng anz tcvwin, force data; (b) effects of tire size,
traction devices, tire treads, and whccl load; (c) veh-cle perfor,-.ance on "Loncy-
comb" sand; and (d) trafficability of gravel beaches. Self-propellcd wheeled
and tracked vehicles and one to:cd veh'cle were tested at five locations in the
United States and France. Principal coicx.sions -ere: (a) maximum, towing force
of self-propelled wheeled veliclos on level sand was about 2 percent Creater than
maximum slope negotiable; (b) vehicle perforoance increased with Jccreases in
Iround-contact pressure; (c) velicle performance was better wit). smooth tires
than with treaded tires or the traction device tested; and (d) vehicle perforim-
ance on wet sand that tended to liquefy under the vehicle load (honeycomb sand)
was similar to that or. fine-grained soils.

KE)WORDS: Beach trafficability; Coarse grained soils; Field tests; Military
vehicles; Self propelled vehicles; Slope performaace; Tires; Towed
vehicles; traction devices; Trafficability; [France]
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II SOPPLEME1NTAIRY NOTES 12 SPONSO1RINtGMILITARYV ACTIVITY

1 Washington, D. C.

In 1955, formulas for computing mobility indexes (NI) and converting them to vehicle
cone indexes (VCI), or minim,=m soil strength required for 50-pass go-no go, for current
military wheeled and tracked vehicles were reported. Subsequent trafficability tests
with vehicles having construction-eauipment-type tires showed that the computed VCI did
not agree closely with test results. To obtain data to determine whether the lI for-
mula for self-propelled wheeled vehicles needed modification, field tests were run with
small vehicles equipped with large, high-flotation tires, very large vehicles with very
heavy wheel loads, and a few conventional vehicles. Main test purposes were to obtain
data to det 'rmine experimentally 50-pass VCI for some untested vehicles and from these
ahd other test results develop an KT formula 'or ;. wide range of vehicle weights a'.d
tire sizes. Although only 16 vehicles were tested, VCI's were determined for 20 €'ehi-
cle "types." To determine if VCI prediction could be improved, a statistical analysis
was made on both the original and revised MI formulas using a multiple linear regression
technique. General conclusions are that considerable improvement can be made in the
original formula merely by using the multiple regression equation; further improvemerts
can be made by using the revised formula; use of the reviseC multiple reýgression for-
mula provides only slight improvement over use of the revised formula. Thus, it is
suggested that the revised formula be adopted. Appendix A giP s the original and :e-
vised M1 formulas and compar-, computed VCI's for sc -e standaru and experimental vehi-
cles using the two formulas. Appendix B is a detailed analysis and evaluation of .the
original and revised MI formula faccors by the multiple linear regression technique.
KEYWORDS,, Field tests; Fine grained soils; Military vehicles; Self propellel veh,,

Trafficability; Vehicle cone index
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(9.00-16, 8-PR), two tread patterns (smooth end nondirectional military), and two tire
deflections (15% and 35%) were tested. Surface conditions varied frorm iry and firm~ to
wetted with small amnumnto of water to flooded. Asphalt surfaces also w-are tested.
Measurements of soil strength were made with the standard cone penetrometer, multiprobe
penetrometer, sheargraph, soji. truss, and friction wheel, Analysis of data indicated
that the multiprobe penetrcaneter and sheargraph show the roost promise as instruments for
measuring surface conditions and predicting vehicle performance. Equations were
developed for predicting drawbar pull baseci on deflection arnd soil measurements
with the sheargraph and multiprobt penetrometer.
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13 **#TRACT

This rep.ort presents techniqjes fir estimating vehicle performance capabilities in casegindsoils
,,clean sands) and a szheme for zlass.:'yirg dry-to-moist sands for trafficability purposes. Earlier test
programs shiwed a need fir se)aritiQn of sand inti. two categories wet sand and d~ry-to-moist sand. Dry-
to-moist sands only are presentel in this report, since wet sand is usaially temporary, making wet-tarnd
strength a time-dependent variable difficult to correlate with vehicle performance,~ Equations are derived
for predicting Tne performance of all-wheel-drive wheeled vehicles based on sand Strength (cone irlex),
tire cnaral-teristi',s (inflation pressire, sizes, etc ), aid gross vehicle weight. Perfor-.anc- pikrameters
are nixim=i slope negotiable, maximum drawbar pull (mmxin~m towing force), and minimum rand strength
required for a venizie to negotiate i~evel sand (vehicle ýne indexi, An equation is also dtrived n
predicting motior resistance fir wheeled vehicles (self-prnelled type or towed trailers). The only
variables in this eq-ation are cone index and1 tire inflati~n pressures. Fr tracked vehicles, equations
are derived for predioýting riaximim towing force a d motion resistance. F,;r the range of sand strengths
investigatcd, core index does nc' affect perform..nce, so the ),iiy variables con.,idered are gross vehicle
weigit and tra~k type (rigid as or engineer tract~rs or fiexiole as on high-speed tractors). As a result
of the stat.sticai studiet performssd to develop a sand claisification system for trafficability purposes,
the followii.g conciuoions are drawn (a) performance of a given vehicle is the same (requires the some
cone index for a given elope) regadltss of sand type (quartz, coral, or volcanic), or environment (beach or
de-ert), and (b) frequency of occurrence of cone index by type and environment shows that quartz sand is
the strongest and coral sand is the weakest, and beach sands are stronger than desert sands (quartz only).,
Appendix A presents docucientatiun of the der~vrticn and evalipkt,,n of the wheeied vehicle performance
equations used in the first-generation AMC I;r,,nd Mjbility Model,
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13 ADSTAACT

The investigation of soils trafficability as related to mobility of military
vehi;cics is divided into three phases as follo.~s: (1) soils classification and
traflicability data or the development of nethods and instruments for dctcr.-,ina-
Tion of trafficability by ground rcconnaisscnce parties; (2) soils trafficahility
predictilo~is or the develop .cnt of methods to correlate soils trafficability with
weather data sufficiently accurate to enable military planners; to forecast the
tra~ficdbjili*,y of soils in an area without physical tests; and (3) cros;;Ing areas
of mad, sand, or unstable terraln or the development of portible roadways an~d
construction of roadways fro::.ý loca? and other T.:aterials for crossing very soft
areas. T;he Watcyistays Expcrfrc.;.t Station has been assigned investigation of the
first two phases. This report describe.!, the first studies conducted underphase (2), based upon the follo;.:in.- prem;ise: both 'a cone index and the sticl-i-

"factors and climate appears in order if~ forecasts of soil trafficability are to

KEYWORDS: Meteorological data; Soil data; Soil moisture prediction;ý Trafficability
prediztion; [Vacksburg, MississippiJ
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13 ADSTRACT

This is a continuation of the study reported upon the f'rst two reports of this
series. It comprises three volumes and an appendix. Volume 1, prepared jointly
by the Water'ways Experiment Staticn and the U. S. Forest Service, gives a surnmary
and co:.:parison of prediction nethods, and an account of current work and that
pl£.n:.•d for the future. Detailed descriptions of the Forest Service prediction
methods end experitental procedures used at Vicksburg are given in volume 2.
Predicticns developed by the Forest Service for other areas are &ivcn in volu-.e 3
together with results of correlat'.on studies and a description and application
of the Vaterways Experiment Station prediction system. Results of special studies
and basic soil-moisture and weather dat- are presented in the appendix.

KEYWORDS: Meteorological data; Soil data; Soil moisture predi-tion; Trafficability
prediction; !Vicksburg, Mississippi]
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11 ADSTI1ACT

Site* ch-tracteris~ics, soil pro.3et ict., clima.:te, ar~d all in:'or_-'tion nccd~d for
L~i-r.istr~predictions from. the 131 sites, rcprecscntinZ- a widc va~ilety of

American :,oils, used in devclop,-ýnt of~ the soil-n.oi!,u.,c prediction irrýthod arf
given, Accuracy of the prediction unt'hod wzs tested:C for cvzry site by co:.x%..->n
predicted no!L'Luri contents to actuni soil-:itr recor~z., Si.xty-fivea SILZ:
for ivhich dcviat.ions v:erc co:.%yutcd for every day hazl an average ecvintion of
0.03 in. of rnoisturu for the 0- to 6-in, layer and 0.06 in. fo: the 6- to 122-in.
layer. De:viz t.ons for 1.5 sites with co,:~;~risons or only before- and fe-o
wni.,t..re contents aver<ged 0.13 in. and 0.10 in. for thc two layers., As a s~ccond

rl.2thod of coz%)arison.. prediction r'elztions dczelaped from one ycear's recorek v:e--
used to preeict. soil-.misture content for the n-,xt year. Generally, deviation,'
of predicted froma actual fo.: tha second year average6 tbout the sarwa as for the
first year. Present status of the proJect and recoraendat ions for future studC1,r
are outlined.
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13 ABSTRACT

Dxtailed obsrc:vat' ions ma.de in p--avious s;.ueies of sitos. distributzel~ t'hrou_-ho,,t
the United Szotes were used to derive avcrare soil-:-.isture re-n~tions for tize in
sp~plyin:; pr-eviously devclop.,d- soil-.-.oiLturc content p.edic~ion m-.ehoC~s to sites
for which no sp,.ýcific data on the n=istariv r<e.,*Vn- arc avw:il-ab2.. Tae ravc;-a,,z~
relations viere tested on 24 silocs thai. had b,-2n used in t.h-- 6dvelopn~nt of pra-
diction m~ethod, on 10 sites for* vi~ch soil str-enZth annd voicturc Cata ware
availoble, and on 617 sites located th"roucZ.out th-! Unitecd Statcz for* ifeich c i.
data v'e-- not available. Prcdictcd and rizasurcd values i"era- co:'i:1zre:d, azin, th-
accura.cy of^ prediction of soil rnoiztu.-- vas within rca!;ona.b2a lirlits of cf~ or
wcl).-eraincd soils. Appendices [;ive the p--cdiction ra:!Lhod 6cvclopr1 and asre
of its a-ppllcatior., describe the 617 sites with liniw~ed data used in this inves-
tigation, and present results of special studier, made to improve the accurazy

of the prudiction =method.
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13 ADSTRACT ThC study reported hercir, is part of a comprehensive effort, begun in
.91.9 to devclop tech-niques for estimating the trafficability of soil by remote means
.'7, is devote- specifically to developmen.t of techniques for analyzing and irhterpret-an verticr.. aerial photographs for soil trafficability purposes. To provide a
esis for tiis study, airphoto and soil trafficzbility data were collected over a

period of .-:veral years by Purdue University and Water-.:ays Experiment Station.pers.
-cl from 33 hunid-climcte states and 2 arid-climate states in the United States.

This ,eeport describes the principles and proccdures of airphoto interpretation re-
uitrcd to esti:,te the trafficability cf soils, and sutxrrarizes data reported previ-

ýusly in supplc:r.ental reports in a form su itable for use by personnel engaged in
%irphoto-trafficability analysis. Soil factors, slope factors, and obstacle factors
-.11 pertinent to terrain trafficability, are discussed. Terrain is classified into
-airicus r,'presentative landscapes which are fully described in regard to regional
hr.ina.e, topography, local erosion, natural vegetation, culturae practices, parent
:tcrial, soil profile, and trafficability and cross-courntry movement characteris-

tics. Procedures for airphoto analysJs of trafficability are rigidly defined, and
.n example of photo interpretation is given. Pertinent p'hotographs, data tabula-

7ons, and lvpendices are presented in Volume Ii of this report. Appendix A lists
,e ]ocatSons in which the soil and tr-.ffieability tests of this study were con-
It ted. Appendit. B presents a sunmmary of the soil and'site data obtained from these
- Appendix C comprises nine generalized londscape-;,3rent material maps,

"1,o':ing world-wide geographic occurrencc, of each represertative landscape type.
KEYWORDS: Airphoto interpretation; Trafficability predi. ion
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Moisturc content, density, and soil strength data were obtained fron two test arczL
in Michifan which are subject to periods of freezing. Each area contained three
plots with different vegetation cover: bare, herbaceous, or hardwood. lEteorolcg-
ical data from neighboring weather stations were recorded. Analysis of data
shoiwed that (a) the greater the vegetation density, the later the date of the firs
frost's appearance; (b) the greater the vegetation density and snow cover depth,
the let.s the mean frost depth-, (c) soil moisture content increased signi~ficantly
as frost depth increased, and decreased when frost dept. decreased; (d)'soil
density follewed a trend :.pposite to that of moisture content; (e) soil strenfth
increased radically w~hen soil was frozen; and (f) soil strength was lowest during
and iiasnediately after the final thawing period of the season.

KEYWORDS: Freeze-thaw; Soils; fraffieability; Trafficability pr-~liction
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U.ý S. Army Materiel Commandj Washington, D,, C. 20315
This study was to determine if the average of soil strength values obtaiszed in a small
area can be reiiably applied to larger areas. Values of properties used in predicting
soil. strength and ýlazsifying soils were compared for areas differing in size. Six test
aites in each of four loessial soil series were established, using series boundaries on
soil siurvey maps to locate the eites. The series were Memphis and Loring in t~he uplands
and Collins and Yalaya. in the bo.ttom~lands. Each site had five sampling rows; each row
had four sampling positions. Plots of pedologically distinct soil series were identifie
from fic2.d examin-tton within sites and were uped as an additional subdivision of test
areas. Soit strength and moisture conter.; data, were collected on four visits, other

;yiclproperty data on one visit. Ttne four series could rnot be distinguished by soil
strength because the cone Indexes (Cl's) varied wilely for any one series and the range
of CI for each series was about the same., Soils of the 65- to l2-ln, layer of the up-
lands differed from those of the bottoelands in clay content and piasticity, but not
in strength. The poorly drained Henry series and alluvial-fill soils of the uplands,
as identified in the field, had the lowest CI's. Certain plots exhibited consistently
different CT's for each visit than did other ploti in the same series, and certain
rows in the same plot showed consistently different. Ct's, These differences could
not be explained sa~isfa'ctorily In terms of soil series, or soil properties common-
ly used in the Unified Soil Classification System~ and the U. S. D- artment of
Agriculture textural classification. Appendix A. in~luaes oasic data for each site.

KEYWORDS: Loess; soil property variations; Soil strength; Trafficability;,
Trafficability prediction, [Vicksburg, Mississippi]
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13. AOSTRAI'T

The purpose of tie study was to determine and evaluate soil, site, and weather factors
that affect high water tables, and to explore meant. by which an existing method for
predicting soil-moisture content of the 0- to 6-tn. and 6- to 12-in, layers could be
modified to improve its accuracy when applied to soils iuith high water -tables.
Factors that significantly affected the initiation, duration, and periodicity of high
water tables were precipitation, topographic position, depth to a relatively impermeabi
soil layer, slope of' ground, rate of evapotranspiration, and, where applicable, stream
or river stage. A scheme for predicting daily depths to water tables was incorporated
in the soil-moisture prediction method, resulting in reasonably accurate predict-ions

of soil moisture content and soil stiength.

KEYWORDS: Soill moisture predictilon; Trafficability prediction; Water table prediction;
[Crossett, Arkansas]
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Washington, P. C.

1* ANSTACTAttempts were made to establish relations .etween cone index, rating cone in-
dex, and remolding index (penetror-eter strength measures cornonly used in soil traffic-
ability studies) and moisture content, soil separates contents, Atterberg limits, or-
ganic matter content, and dry density. Analyses were based on 6- t: 12-in. soil layer
data from 95 widely varying soils. In general, the approach followed in analyzing data
was to (a) express the relation between a measure of strength and moisture content for
each site with one standard equation form, (b) sel.,t coefficients that would define
the strength-moisture relation for each site, and (c) relate the coefficients to soil
properties. Results of the analyses indicate that usually (a) strength decreases with
an increase in moisture for a given, soil, (b) at a given strength level moisture con-
tent increases with a decrease in grain size or an increase in plasticity but is not
associated with chan~es in organic natter content or dry density, (c) at a given mois-
ture content changez in strength are associated primarily with changes in clay and/or
sand conte-nts when the U.ý S. Department of Agriculture soil separates are considered
and with plastic and/or liquid limits when the Atterberg limits are considered, and
(d) the predictive power of derived strength relations is peor even though the rela-tions are significant (51'_4 level)., Appendixes are included in wnhich the basic data and

procedures used in obtaining the data are presented.

KEYWORDS: Fine grained soils; Soil property relations; Soil strength
prediction, Trafficability prediction
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•- Chief of Engineers, DA
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ISl. AUTRAC T

A deik study is reported which reveals that little knowledge exists in the field of
relati ng snow conditions to vehicle performance, and that there are several vehicles
and ve.'icle concepts capable of providiiig good over-snow transport. The study argues
the necessity for fundamental-type research into vehicle-snow relationships by
coordinated efforts of snow scientists, trafficability and mobility researchers, and
automotr Ie engineers.
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IS AISTRACT

An .ccount of tests conducted with a nurb--r of vehicles at three locations In
Grcenland during the su .er of 1954 is presented. All data are shown. Ins :,
and tech-.iques successful in the measurement of the trafficability of ine-x.-,d
soils and the p-.rdiction of vehicle parfora-ance were used (with minor rcdifica:zzo;
in the Greenland snow. Results are inconclusive because snow in Greenland did not
provide mobility problem . Results wcre nev•rtheless encouraging.

KEMRDS." Arctic regions; Field tests, Mlitary vehicles; Mobility; Soam
trafficability; [Greenland]
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ii. a gucn~ay assS& SPONSCftMw MUTARY ACT WITT

Ckalf of~ Zon:inecrs, DA
Waahin!ton, D). C. 20315

A tptal of 39 self-propelled tests vera run vith tracked and t&.ccIle4 vehicles at
Bouliter, Colorado; Pbrt Churchill, l~hnittobs, C~nada; Z~uskes1.ý:, Ontario, Ch'=n.;
and H~jtx% X~hgn.r dditic!, 27 self protiallCet, 21& towins, CAn I towed

tes-, arecwnductcd vith traekd vehicles at Cesqp.Ule, Colorado. It vws
cmclu?,zd that depth of the srmmpck appears to be the most Iim-ote-nt factor
affctirm zrafficability of submrctLc snow which Is kept soft by the pupcess o-:
sublir--tion. It is estimated that conventional iieelad vehiclecs ixiuld 6,o. nzý;o
ate sno= dezpei' than about 2yof of t;,o vbel, dica~.ter. Snow Odzpth i.; oroi
wiith v--Aiic3 2-~f1.ac =x-.--ters -siauc as arit depth arA "- :.-U=~drw. V~l3..
It mus, roud that (a) croixnd-contcct. pmszurc is th,- ro!t injortuant vchicle ci:.r-
acteria'tic, uiectin~Z vehicle prfomaac.1e, and (b) drawbur pull is ZCrca'tor L.-:jc:*
than In dr~v Snout for snovpacks of V4.- cc=n depth and stbrenz th. It is rcco..-jý "
that vehicle tests In subarctic snow be conuinued and tbat the cone a t-te
btaccepted as the mset practical field instrumient %br t~acurimin, snow

KIM : nld est; iliaryban; Mitary vehcles; Nobility; Snom

ft. Churchill. Oman&a; Scooitc, Kick.; Colekim.; Cmp hI.
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tactical vehicles to traverse craters typical of those which could be producedJ
with Atomic Demolition Munitions (ADM). The vehicles included in the test
program were the M-60 Tank, M-1 13 Armored Personnel Carrier, and an
art~culated two-unit general purpose vehicle called the POLECAT. Traffica
bility testing of these vehicles was performed in the SCOOTER crater, the
JANGLE U crater, and Pre-SCHOONER BRAVO crater. The resulIts of thie
research project indicate that: (1) craters formed in dry soil by the detonation
of exploaives a ~e surface or at very shallow depths of burst (clown to approxi-
mately 20 it/ktM.4) do not present significant trafficability pr iblems to tracked
ta'-tic~l vehicles; (Z) craters formed at or near optimum depth of burst ( 160
ft/ktl' 3 .4 ) in dry soil are a trafficability obstacle to tracked tactical vehicles;
and, (3) craters formed in hard rock, vuch as basalt, cannot be negotiated by
tracked tactical vehicles without major modification of the crater and/or
assistance by hiavy eiity equipment, either mobile or fixed.

KEYWORDS: Craters; Military vehicles; Mobility; Obstacles; Trafl'icability; [M-60;
M-113; POLECAT]
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11. SUPPL EMCwRARY NOTES 12. SPONSORING MILITARY ACTIVITY

Chief of En,,inimers, DA
Wdashirntoa, D. C. 20315

13. ADSTRACT

A specially desi-,ned sin-rattype aerial cone pe3notromater vas shotu rrom a
compressed air gun into a corta trer oj' soil. Penetrorx-ter velocities a:.d soil
strenaths ware varied over a wide renge. From the data collected relationsh~ps
between pznetromater action and soil prcparties were detenminc.I &nd used to campit
sprin,,, dei:V.etion necessary to fire the pcnetrometer carturidge in soil of spaculW
st-rensth. Thie sprina was then sct for specific soil stran~ths and tests zade to
verify the accuracy of the scttkný,s. Results of tha lir~itcd tests indicaed~e:

*0on2 ±ndnx has a major influence on action of tha aerial pmnetrom-tc.- 1r, soil-;
the: relationships amon.- velozity, decelerationi, SnpAxct of the penet-roz.2ter, and
cone index of Vie soil appear to be cons:ýstent and reasonable; the consistent
relationnhips penaitted co=,putation of spring size and de~flection for prop~r
indication of specified soil strenat~h. Actual tests verified the acciarac- of tiz-
computations.

KEYWRDS: Aerial cone peuctrameters; laboratory tests; Trafficabil~ity*
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I I. SUPPLEMENTARY h.OTVS IZ. SPON4SORING MILITA1Y ACTIVITY

Chief of Enaineers, D?.
Waishinaton, D. C. 35

IS. AIISTPACT

A limaited field test proý,rT demonstrated tbat soA.l penetration by th,3 aer-ia). con~e
penetrometer accompnlished sowe so-?-enin& or rerjoldin3- of ffine-razincd soi~ls irn '.he
irr-L-diate vicinity oil the penetro.n-etver. Curves o'f penetration of tha acrial co.iz
pc-nctro-n:t,'r versus ratin:- con:' index (the ra-asure of the trafficabi).ity of a fine
Lrxrainzd. soil) apPe-ared to be valid, Indica~in!; that #;he aerial per rotovMtr shows
promise as an instrument for remotely weasurina rcil trtafficabiliy.

UYWORDS: Aerial cone penetrometera; Field tests; Trafficebility
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U. S. Arr-y Material Command
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A'% as=1UMin~ &0rial cone Panetrom-.ter was slwt five an air Smn Into the sonl at
10 test sittes foopss~iur soiln~ aza a wide ran~e of sonl condiutions.

o1mWts of 73 tests conducted durin,3 the winiter of 1960412 revealed that, in
addition to soil &tran,-th, soil. tye and plasticity apWear to Influence the dept-h
zs penetration o-f Ume aerial pen-tromater. Curres of pentration versus tbree-
czX'Ossidon of'soil stro iik~ cosmonly used In trafficability sti-Aies (Cowe Inde
and. rtirA3 cone Wixex to the de-pth of p--aetration, and rating cone iegi% in the
6- to 22-In. Uyayr) Yom. teva1oped jbr three soil gmpa, arrainea acco-""'s to
10*J-, mGiint-, an hdab.j-PleStici#tY ind=-. 2tVm conclu&ed that -averal panatra-
ticnAs shiould be* ede in a given area to 4$t trrmne an avmZaL* pztnatration to
reiesent. the stranasm Of that-- area. It Is reco==64~4 that &A8titonel tests be
made to exPlore Wra ftally the rsciianess or i limltAtions of t.7e aerial
panctroneter.

KITIIWIDS: Aerial cows penetrameters; Field tests; Trafficability
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SMUDIES OF AERIAL COKE PENETROMETER; Report .4, IMPACT VEWC17,Y-DIPACT FORCE
nVESTIGATIONS, 1968

James G. uKnnedy

Jane 19To 46 3_... ... ..
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a. ,asg no. 1T062103A046 Technical Report No. 3-462, Report 4
Tawk 062
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Approved for pu;blic release; distribution unlimited.

U . S. Army Materiel Comman
Washinglon, D. C.

An aerial cone penetrometer was dropped from heights of 5C, 100, 150, 200, 2t1, 280,

and 560 ft to determine itt velocity at impact with the gi.und surface. A high-speed
motion picture camera recorded the flight of the penetrometer Just prior to impact.
Velocity was determined by viewing the movie film with a motion analyier. A hyperbolic
curve defines the impact veloc.ty-height relation of the penetrometer-'used in this
study throughout the range of drop heights listed above.' k statistical equation for
the curve was developed from a relation established between heia.t and velocity. The
equation permits computation of impact velocity in terms of height of arop. Statisti-
cal techniques were used to evaluate the reliability of the equation. It was concluded
from the analysis that the equation can be extrapolated to a height of 1000 ft (440 ft-
greater than the maximum measured height). The angle formed between the tail vanes on
the penetrometer barrel during flight affects the impact velocity inversely; as vane
angle increases velocity decreases. A variation of vane angle of 43 deg produces a
variation in impact velocity of approximately 5.0 fps and in impact force of 5 lb. T.i
variation would produce little if amy effect on spring deflection and no effect on the
ability of the firing mechanism of the penetrometer to indicate the preselected soil
strength upon impact: It is recorgended that 600 ft be established as the minimum
height from which the penetrometer be dropped. Previously determined theoretical in-
pact forces were verified.
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I Chief of Engineers, DA
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13. ABSTRACT

A pilot study of the deflection characteristics of a moving 12x22.5 tubeless tire
shows the shape of the tire to be governed by the inflation pressure as we'l as
the consistency or strength cf tho medium on which it operdtes. Results of the
pilot study indicate that a comprehensive test program should be worthwhile.

ih
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II. SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

Chief of Enzineers, DA
Washinscton, D. C. 2031S

I) AUSTRACT

Five deflection gages, each consistin- of a circular and a lincar potcntio-.0tcr
coupled together, were installed in a 12-ply ratini, tire, i..ounted on a loaded
2-1/2-ton truck, to measure both translational end rotational no,.-nent of points
on the inside surface of the tire. The truck was run on asphalt, sand, and silt
surfaces. Vehicle speed, number of passes, :iheel load, tire pressure, and
temperature of the air within the tire were varled. Test results showed the
shape of a moving tire to be deternined primarily by wheel load, tire-inflation
pressure, and type and condition of surface traversed. At constant inflation
pressure, temperature variations within the range experienced during this test
progran did not affect tire-deflecton patterns. The magnitude of the tire
deflection decreased with repetitive traffic on the silt surface but not on the
sand. Results also indicate that gages with two degrees of freedom are adequate
for measuring tire deflection.

KEYWORDS: Flexible pavements; Pneumatic cires; Sands; Silts; Tire deflection; Tire
: i test equipment
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1 ABSTRACT

Tire deflection data were studied fron 30 tests performed in the single-whLel
test facilities with pneunat'c tires at various inflation pressures operating in
Yuma desert sand and mortar sand of various strengV-`s. Plots are presented of
a path of points on the center line oi the tires relative to a moving and a fixed
frome of reference. Representative plots are inclu.dcd to show the effect of slip,
soil strength, and inflation pressure on the path and to compare the paths of
a point on the towed and powered tire.

KEYWORDS: Pneuatic tires; Sands; %ire deflection;Tire instrumentation
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Report Nto. 1 in this series is CiJef of Engineers, DA

IKiscellareous Paper No. 4-230 U•sshington, D. C. 20315

1S. %SSTRACT

* study was conducted to determine iie distribution of stresses imparted to a soil
by a moving, pneumatic-tired veh.c.le and to compare the suitability of trea
different types of pressure-sensing devices for measuring these stresses. Ti"e
effects on stresses of such variables as soil strength, tire-inflat.on pressure.
vehicle speed, acceleration, deceleration, and towirg of the vehicle were in-
vestigatcd with the cells installed n.t varying depths and offsets from the line
of traffic. The large (6-in. diame.or), earth pressure cell was found to be the
most reliable measuring device of the three used in those tests. Inaccuracy of
traffic alignment, variations Ir. wheel load, variations in soil consistency, and
cell movement were concluded to have been major causes of the discrepancies in
stresses recorded by the cells. R-cosmandations for future tests, In which these
detrimental conditions would be avoided, are included.

KEYWORDS: Clais; Pneumatic tires; Pressu-e cells (Soils); Stress distribution;
Stresses under wheels; Wheeled ebLic&es;[M135 vehicles]
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IS AOSTSqACT

Results of a test program to meanure stresse.-, induced in fairly soft soils by
moving tracked vehicles are presented. Three types of prcssure-sensing devices
were installed at several depths and offsets from an intended center line in
prepared areas of fat clay, and the areas were trafficked by the 1129C (weasel),
and the D4 and D7 engineer tractors. Vehicle load and speed were varied. Hove-
ment of pressure cells and inconsistent readings of similariy placed cells dis-
coura:;cd a quantitative-type analysis; however, the test results Indicated a
qualitative analysis of pressure distribution beneath the tracks of the vehicles
to be feasible. Some inforination was obtained on mov•ment of soil beneath movinr
tracked vehicles. It is recommended that th-s type of test program be continued
with better-cortrolled soil and traffic conditions and utilizing only one type
of pressure-sanxIng device.

KEYWORDS: rClays; Pressure cells (Soils); Stress distribution; Stresves under tracks;
Tracked vehicles; 04, D7, M29C]
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13. AOSTRACT

This report presents results of tests to determine the magnitude and distribution
of stresses beneath several types of pneumatic tireý; on an unyielding surface.
Twenty-nine tests were perfomed, in which stresses were measured under six tires,
differing in size, shape, and construction, at the points of contact with a firm
surface. Five tires were tested at one load and forward speed, four of them at
two inflation presstires or deflections and one at three inflation pressures. The
other and largest tire (11.00-20, 12-PR) was tested at three loads and at three
deflections for each load while bowh rolling forwird and standing. The data
showed a zone of high stresses near the edges of the tire contact area, .he
magnitude of the stresses Increasing with wheel load, inflation pressure, and
sidewall stiffness. Increase in inflation pressure significantly increased the
magnitude of the stress in the center of the contact area. The stiffer tires
distributed the load less evenly. It is reco-:.ended that: (a) The investigation
of interface stress distributions on unyielding surfaces be suspended until tires
having characteristics different from those tested become available. (b) A
sufficient number of tests b& conducted to develop a working knowledge of the
tire-soil interface stresses Induced by towed And powered pneumatic wheels in
soft soils.

KZYWORDS: Pneumatic tires; Stress d-stribution; Stresses under wheels; ire
deflection
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I1 AOSTRACT

Measurements of the magnitude and distribution of normal stresses at the tire-
soil interface of an 11.00-20, 12-PR smooth pneumatic tire towed on air-dry
mortar sand are presented. Deflection geges inside the tire measured its de-
flection, and pressure cells embedded in he surface of the tire measured the
stresses at the tire-soil interface. Also, pressure cells installed at several
depths within the soil mass beneath the center of the tire path measured stresses
induced in the soil mass. Results indicate that the distrihution of stresses at
the tire-soil interface is related to the shape of the deflacced tire and thereby
to tire load, inflation pressure, and soil strength. Peak stress In the soil
mass occurred well ahead of the axle of the test wheel, with the total load on
the wheel having the greatest influence on its magnitude. The average stress
waves for a tire-soil system such as used in this study can be expressed mathe-
matically in terms of a Fourier series. Application of the Fourier series in
stress wave analysis is discussed in Appendix A.

KEYWJRDS; Pneumatic tires; Sands; Stress distrib-tlon; Stresses under wheels;
Tire deflection
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11. 11UPOLEMESTARY NOTES Il. PO.SOR*U6 MILITARY ACTIVITY

Caief of Enigineers, DA
Washington, D. C.

.5I. ASSlTRACGT

The Waterways Experiment Station participated in aircraft operational tests conducted by
the Air Force Operational Test Center at two test sites, Eglin AFB, Florida, and Pope
AFB, North Carolina, which consisted of unprepared, sandy soil with sparse vegetation.
Penetrometer readings obtained at the two sites before and during the tests were
correlated with rBR and converted to approximate CBR values. Conc±usions vere that:
(a) both the C-123B and C-130A can operate succeesfully on sand subgrades with surface
ruts as deep as 1 to 6 in.; (b) the average soil itrength for the 6- through 12-in. dept
can be used for evaluating the load-carrying capacity of a sand subgrade; (c) increasing
wheel loads at constant tire-inflation pressures up to 116,000 lb had liztle or no effec
on depth of ruts; (d) increasing tire pressure for a constant or increasing wheel load
resulted in more severe rutting and disturbance of the sand subgrade; (e) minimum sub-
grade strength requirements (based on average strength values for the 6- through 12-in.
depth), as determined from tests with C-123B and C-130A aircraft, were in good agreement
with streath requirements indicated by the previously developed CBR design curves; and
(f) tentative strength criteria established by WES and ORDL for the operation of air-
craft on unsurfaced soils are as good as can be established from data available at the
present time.

iWYWOR.S: Military bases; Soil strength; Unsuftaced airfields; [Eglin AFB, Fla.;
Pope APB, N. Carolina]
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I&. ABSTRACT

Results are presented of the first tests by the Army Nobility Research Center of
a towed rigid wheel in a fairly soft soil. Speed was maintained constant.* Load
on the Awhel vas varied from test to test. Some variation In soil, strength oc-
curred along each test lane. Measurements were made of the following parameters:
deviation in static load on the wheel, sinkage of Anael Into the soil, motion
resistance, conteLt pressure between the wheel face and the soil, strength (cone
Index) of the soil, and stresses Induced within the soil mass Yarious. relations
among the data are plotted, and expressed In mathomatical terms. Nea~tured
stresses are compared with theoretical stresses.

KIYIMRDS: Clays; Rigid obeels; Soil -wheel interaction; Streusses unuer wheels
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ti. SUPPLEMENTARY NOTES 12I. SPONSONIMG MILITANT ACTIVITY

Research and Development Directorate,
If,. S. A=y Matpi.4p1 CemlfnAIas. STfACT A prograa desigrir.d to objectively test and T"- tutitativel~y evaluate the

cross-country riobility of the Overland Train. (a lofiE~...Leal cargo carrier) In&desert environment was conducted over selected -.... rses at the U. S. Army Yuma
Prvng Ground, Arizona, during February and June 1963. A samiquantitative system

fr terrain classification, developed at the U. S. Anyh Engineer Waterways Experi-
nt Station (WES) and used to classify several world deserts in the Northern
-~isphere, vas ut.1li~ed to describe the terrain along the selected courses at Yuma.

ixteen courses vct. c ,entat Lvely selected at Y-a; however, tests were terminated
er only tva course., hv', ',eer traversed. The following data were collected for

ach 4est ealr';e. fucl cor~.mption; electrical energy required to operate the
vrg, *rb4 - ,I.sd steeriar systems, distance traveled; dust density; and

celeration W_ a'necifi pointi on the train. These data were compared with "base
aues" obtavaesd Luring -,rain vperation on a level, paved road. Effects of terrain
cross-cootan--' opt-ration weret deareac In speed, increase In path length, and

ncrease in. fA:ý .nhsuptloa~. These Offset@ Vero attributed tosi crogeonetric
fatures anO t!.* dirtc,6on of travel "moe these features. Quantitative relations

twel. r speec1 in miles per hour and tuel consumption in gallons per mile were
stablishcd. Terrain types, classified according to the ME flapping system, along
he two test coirses are compared to the terrain of deserts of North Africa, the
ddle LEa,, and South C'entral Asia.

ORDS: D-tsert regions; M~ilitary bases; Of f-road ncbliity; Tt~rain analogs;
Terrain analysis; Overland rrain;tproject OTTER; Yumna Test Station]
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It. ABSTRACT

In A"Z~st-ODctdb21- 19613, the U. S. Array Transportr.tion Corps conc'Aizt~ee O~pzrat'on
Swram'p )~IV. a 93 -di cross-country operation, in Pana-,v. The Tas'no ~tlioz
Ibard formcli the rnucleus, comnanci, and transpor~ation a~ency for a cconbined

* tcchnicc,'X services team of special.ists. listerways Zxptri:Swent Station ob0sCe~vrs
co~eccted dat~a on terra.in, vczetat.ion, and soils, and observC. thle c~ftc~,s o,'
thecse factors on movtenient of twelve typr,s of mil~ita_-y, salf-ýpropcllcia, vIneelc,
annl tr.ac'.cd veaiiclcet. Tho-y also tested insitrunmnts an-" tecunir' a-r
trasf~.cability ol Pnatn'.x' soils. The date, collectedi xinde!r tu~v.rse con~ition5,
a~re ap.,oximatv..r:d inco-.nlete in mny rcspac~~s. Gu~llies, rivesrs, vi:Z2ttiol,
%vet. su. -cc-soil condition3, and particularly stcep, fr..quent slopzo vei;: ri'ii-
cntmt obst.el.clt '.a vehicle mnova%ýn. Difi~ictilt goins o~tddpA ~vci
t~io-' s. l: xreciicles earl.y. ZiL soils encounte~red ve'.e Lrns..-lly ca.pablol or'

.in3t.verlicles uzeed. 7a-. insti-%tments end tecirniqu-t ttad to dtarnInesoil troiMi~caibili..y appzar.ýd ad6.ovwvc. FRirther testing is r.aco-t .-nd-_ce. AnAp* &d-cdscrilbes procedures fo:* preap~riiv veGetation s ..rut'irell dxzr.na..

KEYWORDS* Field tests; MilitLary vehicles, 0ff-road Mobility, Terrain analysis;
Trafficability; Tropica.. regions;[Papana; Swamp -ox]
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13 AOSSRACTprlinymaet
The study reported herein was a preliminary investigation made to provide

guidance for a planned, longer range research program to develop and apply new anr
existing methods for measurin.& and predicting in quantitative and semiquantitat.ive
terms the effects of environmental factors on ground vehicles operating in South-
east Asia. The rep:rt is concerned specifically with the results of a field pro-
gram conducted in Thailand. It presents a surzr.ary of the state of the ,%rt of meas-
uring and predicting the effects of environmental factors on ground mobility, de-
scribes the environmental factors that affect ground mebility, presents the facto;
family concept and data adapted to ground-mobility purposes, and categorizes in tab-ular fc-r. environmental data by landscape types and subJnits that occur ir Thailand
EstiMates of the probable effects of terrain factors on the performance of hiZhly
mobile venicles are made for each landscape subunit. The repo, also presents con-
clusions and recor•.cndations derived from an evaluation of thie incestiration. iae%:nr!ces (A-::) were a-so published (in serarate volures) in conjunction wr, triz
reor . Appendix A describes the results of a survey of unclassified existinr dat'-
-nd literature. Appendices r, C, VD, E, F, and G present metnods of measurc-ent ara
data tabulaticns rund Graphic presentations relative to the specific terrain fl:tor
wita vwhicn eaca is concerned, i.e. soil classification, soil trafficability, vo.-
tatron, surface geometry, hydrologic omet.-(, and weather and climate, rcs;rectivelz
App, "dix H presents an evaluation of t.ne roads over which the preliminary survey
teat team traveled auring tne field data collection.
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It. ABSTRACT

The Nczrsh Screw Amfhibien is of interest in the Army'sa nebility researc~h pro:;rain
because of its unusual concept of locomiotion which Is based on the Azcafirnedeen
screiw. It moves by means of two cotinterrotatinI3 rotors which give 1'ozrird and
backward thrust to the vehicle. Whaen- both rotors are made to turn in Uhe sauz
eircc~ion, the vehi.,le will mo'e 'laterally; however, thei~e is no provision for
sluverin~m when the vehizle is movinZ laterally. Trafficability tests with -.he
IEsrsh Sirtev were performed to determine its~ p--rforrznt-e cn tzhre2 soil t:,pas:
sand, clay, and silt. Re-petitive-pass tests and speed tests weie ;.onducted
on clay anAt sand; to,.r'.ng tests on clay, silt, anC, sand; slopa-climbing tests on
sand; end obstacle tests on silt. Fbr compsrison, tests vith an 1-29C weasel were
conducted and perforuance curves frona previous test prozremns were utilized.
Appendix A presents a detailed description of the determinatior, of mobili 4,indexes and vehicle cone index for the Harsh Serew. Appendix B diset'3s5s the
power train system.

:EYWORDS: Buoyant screw vehicleý; Field tests; Mobility; Trafficability
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IS. ABSTRACT

This study uas undertaken to evaluate the ability of several soil .trcngth mea-
.surenetKtr to detect and follow changes in sand density and to develop correlations
between the various strength measurements. The instruments used included tri-
axial sherr apparatus; direct shear apparatus; the bevameter, which included a
ring shear device ind circular plates of different diameters; the shear vane; and
the WES cone penetrometcr. It was found that the vane shear strength, the cone
Index, plate pressure, and the plate sinkage test values kc and k are related

tr soil density and cornsequentl,. to each other. Equations relating the soil
values were derived whenever practicable. The friction angles determined by the
triaxial and direct shear tests are significantly larger tihan the bevameter shear
friction angles.

KEYWORDS: Laboratory tests; Sands, Soil a-nsity; Soil property relations; Soil
strength; Soil strength test instruments; Trafficability
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A proposed technique for describing the soil stress-strain relations from triaxial
tezts and pressure-sinkage relations from plate-penetration tests was studied.
both sand and clay specimens, prepared In the'laboratory, were used in the study.
The proposed technique, which is bosed on the characteristics of a rectangular
hyperbola, adequately portrayed the stress-strain relations examined. The
pressure-sinkage i-eiatiorns usually required one hyperbola to 4ercribc the relation
at shallow sinkages and another at greater sinicages. Certain of the hyperbolic
parameters were found to be related to the physical charact2riatics of the $oil
test specimens. It is recommended that the study be exten~1ed to a wider range of
soils and test conditior.'..

(Soils); Trafficability

"S.1473 Unclassified

Ceewy ClasaIftcadon

119



UnclazsifiedM
Security Ctassificaften,

DOCUMENT CONTO*L DATA-ILS D
(Sorforty Cs..MIICeaffl of ado. a.* of .a..wC aws Ikdeshm fo.4.Eem iam". a. d Uhow. do owemma o,"Iso e."N~ded)

I OrnGNIA TING ACTVIVI TV (Coop- -to-)n OLa OUPORiT SE1CURI11TY CLASSIFICATION

U. S. Army Engineer Waterways Experiment Station IUnclassified
Vicksburg, Mississippi ~Sb.OROUP
Of REPORT TITLE

MEASURfING FOIL PRPOERTIES IN VEHICLE MOBIIJTY RESEAR'.H, Repor 3 EFF.ECTf 'IFVLCl,
SIZ-E, AT-D SHAPE OF PROBES ON FEENEETRAION RESlST~irE OF FMN-GRAfl= SOILS

4 DESCRIPTIVE NOTES (pe. o o"WIftietwet"dofe)
Report 3 of a series
0 AU THOMISO (Fire# an. inidiiia hd.*. o. ns)

Gerald W. Turnage____

* REPORT DATE 7& TOTAL NO. OF PAGE$ 11111 NO. or 11E97
November 1970 64 8
00. C0ONTRACT OR GRANT NO 14.OM4MNAT*IS RCPOU NWUWME

b POJCT0 TO6llO2B52A Technical Report 3-652
R~eport 3

.. Task 01 ilL ouat. OMPORT $o0e0 (Am .~w sobo MOO a.m be ofelfa

A AD) 8T8789
10 019TOISUTION STATCOE..?

Approved for public release; distribution tvilimited.

If SUPPLEASENTANY NOTES1 12. DWONWORIO MLITARY ACTIVITY

U. S. Army Materiel Command
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IN AMISTRAC ?Three soils--a fat clay, a lean clay, and a loessial silt--were tested to de-
termine the effects of penetration velocity, probe size, and probe shape on the pene-
tration resistance of fine-grained soilss. %lelocities ranging from 0.0011 to 451 cm/sec
were used to penetrate samples compacted at various water contents to provide soil con-
sistencies from 103 to 1820 kN/m 2 standard penetration resistance. Two probe shapes
were used--30-deg-apex-anwle, righ~t circular cones and flat, circular plates. Base
areas of the cones ranged from 1.29 to 50.0 sq cm, and those of the pl-tes from 9.93 to
39.70 sq cm. The relation of penetration reaistance to velocity was not linear, so no
constant "coefficient of viscosity" could be determined. The relation could best be
described as that of a pseudoplastic mate jal. The data revealed that the size depend-
ence of penetration resistance was coupled with the velocity effect. Data at different
speeds and sizes could be grouped on a single relation simply by employing the velocity/
diam~eter ratio as the independent variable. From the experimental data, it was con-
cluded that che soil response could be described as the sum of a viscous component and
an inertia-. component. An apparent threshold velocity was found below which resistance
was constant, but was attributed to the effect of water migration from the stressed
zone at low penetration velocities. Data for the highest velocity tested in this study
were higher than predicted, but the higher va~lues could reasonably be accounted for by
considering the effects of inertia. Further teats are needed at velocities much higher
than those of' this report to validate a behavoria.ý model that includes the very-high-
velocity condition.
KEYORDS: Fine-grained soils; Laboratory tests; Fenetrcneters; Soil

penetration tests; -.11 strength relations; Trafficability
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iS. ASS•TRAT&.

Relatiors between cone penetration resistance and relative density wer- developed by
means of statistical analysis (correlation calculation) for three cohesionless soils:
Yum sand, mortar sand, and Bayou Pierre sand. These relations were evaluated from
direct measurements of relative density and results of tests with the U. S. ArnV
Engineer Watenrays Experiment Station (WES) standard cone penetrometer. Most of the
data for Yuma and mortar sands had already been obtained as part of tne soil-tire
performance tests previously conducted at the WES. However, several special labora-
tory tests in molds with both sands were conducted to control and extend the existing
range of data. The results in Bayou Pierre sand were obtained from laboratory tests
conducted especially for this study. The relations established between relative den-
sity an" cone penetration resistance and its gradient, respectively, averaged over the
0- to 15-cm depth, depend on the grain size and compactibility of the aoil. The cone
penetration resistance increases with increasing soil mean grain diameter and decreas-
ing compactibility. The critical depth of penetration affects the results within the
considered depth range only in loose avd very loose sands. A qualitative theoretical
explanation of what occurs during the penetration of a cone into a cohesionless mediumin given.

KEYWORDS: Cone penetrometers; Laboratory tests; Sands; Soil density;
Soil penetration tests; Soil property relations; Soil
strength; Trafficability
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Vertical penetration tests were conducted in three highly saturated, fine-grained soils-& fat clay. a lean

clay, and a silt-with metal probes of six shapes--30-deg-apex-angle, right circular cones; flt circular

plates; and flat rectangular plates with width-to-length ratios of 1:1, 1:2, 1:1a. and 1:8. Probe sizes

ranged from 0.323 tn 59.1 sq cm; penetration velocities from 6 to 1221 ca/sec; and soil strengths (in term

of standard cone penetration resistance Ca) from 91) to 1315 kPa. Equations C s l .0(VIL)0.0 and
S Is 0 080Pi' 0 .80 (V/L)C".l 00  

adequately describe the *dcous bebavior of the tvo clays, and C~ - l.0(V/t) '

and P, ' -5V/)~O s.arve thic purpos- tor silt. (Cxs and P are C /Ca and P /C5 , respec-xv No xIs x8

tively, the ratio of soil penetration resist nce per unit area, of probe base for any given cone or plate.
respectively, at any given velocity to that for the 1.23-sq-ca cone a, 3.05 cm/sec. (V/I)E is

(VX/i )/(Vs/t) * where Vx is penetration velocity of the probe that producad C x or P1 x 0L is square

root of the base area of that probe, V. - 3.05 cu/sec . and to -%r.3c 1.80 cm.) No noticeable

inertial effe.fls were produced in these tests. Plate Penetration tests conducted horizontally at speeds to

27.35 a/sec in middy clays at the Battelle Institute, Frankfurt, Germany, produced soil lift forces strongly

influenced by Inertial effects. These effects are described by an improved dimensionless lift coefficient

C Lversus plate-soil numeric (v ) logarit' sic relation that effectively accountsa for the influence of pene-

tration velocity and plate inclination angle.

KEYORDS: Fine-grained soils; Penetration resistan~ce (Soils); Plate
bearing tests; Soil peaetration tests
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For a given probe (cone or flat plate) tested vertically in air-dry sand of a given strength level, the
curve of probe base pressure ýsand penetration resistance force per unit probe base area, F1z/Ax) versus
probe base depth departs from near-linearity is velocity V, increases. For these conditions, values of
probe base pressure at shallow depth incrýas. %.th increasing velocity, but this pressure approaches a cco-
mon value at substantial depth (say, 15 cm) for velocity values in the 3- to 600-cm/sec range.
For a velocity near 3 cn/sec, the slope, or gradient, of the probe base pressure versus depth curve 'termed
penetration resistance gradicnt Gx) can be expressed for any of a broad range of probe sizes and shapes

by Gx = J(G -1) X [0.20 + 0.50 T)] 11 where G is Gx measured wnder standard conditions ki.e. by

a 3.23-sq-c, 30-deg-apex-aigle cone at 3.0; ca/sec), A is A for tne szma.dard cone, and I is the

Ax for the probe of interest. Expressions were also &eveloped to describe k, at shallow probe depths
(zero base depth for the cones, 2.5-cm depth for the plates) as a function of sand str.zngth and probe
size, shape, and velocity for a wide range of values of each of these variables. Finally, a technique is
presented for estimating the Fz versus depth curve in the 0- to 15-cm depth range for cones, or the
2.5- to 15-cm depth range for plates, for V. values less than about 100 cm/sec and any of a wide range
of sand strengths and probe sizes and shapes. A second phase of this study deter-mined expressions that
describe the marked increase in sand G values caused by increases In sand unit dry weight Yd and/or
moisture content. In the third phase of this study, dimensional analysis was used to develop a descrip-
tion or the horizonta3 force acting on a given cone base as -he cone moves horizontally beneath the sand

Fx) as a function of probe size and velocity; depth of the cone tip relative to the undisturbed sano
surface; ani air-dry sand G and 7d . A short review of major find•.•s from two studie" of horizontal
cone penetration testr showed that these findings agree with an.d complement results of the WES study. A
brief ssmmary of another study presents related .. preszlons that describe .he horizontal and vertical
components of force on plane blades operating horizontally near the sand stiface.

KEYWORDS: Penetration resistance (Soils); Plate bearing tests; Sands;
Soil penetration tests
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This study examined the effects of wheel speed on the performance in fine-
grained soils of single pneumatic tires, full-size wheeled vehicles, and a pro-
totype aircraft under several tire operational modes. Results from powered-
wheel single-tire tests conducted at WES showed that the dimensionless clay-tire
numeric NcI = (C sbd/W) x (6/h)I/2 , 1/[l + (b/Id)], where Cs = standard cone

index, b = tire section width, d'= tire diameter, W = wheel load, and 6/h
tire deflection ratio, can be used tn describe tire ierformance (Continued)
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20. ABSTRACT (Continued).

at speeds to at least 18 ft/sec if the value of C in N is adjusted to
s clreflect viscouslike soil strength behavior caused by tire-soil interaction.

Results from WES speed testE, of five prototype wheeled vehicles in the field
indicated that the same velocity-adjusted numc.ric as above (except that ratingcone index RCI replaces cone index C s) is closely related to the soil motion
resistance coefficient R s/Wv . Data from tests conducted for the U. S. Air
Force showed that for one particular combination of aircraft, running gear, and
wing-flap setting, a clay-tire numeric, Nco = (C sbd/W) x (./h) , is closely

associated with the percent increase in takeoff distance required on unsurfacedclay runways as compared to that on a paved runway. Fr.m another study con-ducted for the A r Force, data revealed that a relatic.a between the dimension-
less drag coefficient and the Reynolds number (modified from fluid mechanics
to fit the clay-tire situation) can be used to des-ribe the combined influerce
of viscouslike and inertial changes in soil strevgth on the drag of a free-rolling tire at speeds to about 150 "t/sec. Fo- the braked-wheel operational
mode, a simplc method of predicting d.-ag ratio (D/W) was developed on the
basis of a reasonably stable, linear relatio.a that exists between D/W and
the rut depth coefficient (r/d) for whet• speeds to about 150 ft/sec.
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I) ABSTRACT

A pilot 2rogram of a limited number of trafficability tests with four vehicles (a
20-in. -track Weasel, a 10-in. -track Weasel, a Water BL~ffalo, ane a Dinah) was con-
ducted in eighnt confined muaskeg areas in On~.ario, Canada. Frequent failures of
mechanical components of the vehi~cles because of muskeg cloggingJ the track systemas
hanqýred the test program. Results snoved the cone penetroneter and shear vane to
have promise as tools for inasuring trafficability of muakeg. Thbc standard WeLasel
(with 20-in-vide tracks) could negotiate the relatively dense nuskecg but Ams irma-
bilized on the ftoating-nat type (mechanical failures eoxclud~d). The Vesasel equip.
with sp'..cial, 10-in. -vific tracks had occasional difficilty even in the mo.re consoli
dated bogs. Tbving abilities of the Weasels were ncarl1e 3WeI of their weights. In
addition to the self-propelled and towing tests with the Weas'-ls, 9bur self-propel-
led tests were conducted with a Water lbffalo, and two with a Dinah. On a qualita-
tive basis, ran-es of traffichbility potential Vere discltosed In the tests, and
these were tentatively related to characterisite differxenes in peat, coveo, and
terrain-vater ralations. Additional tests aeed to bc; conducted in the sames areas
with a range of vehicle types bcfbre acceptable corre*atS.3n between vehicle perrorý
xance and muskeg type and cordition can be expressed.

XEYWORDS: Field tests; Military vehicles; Mobility; Muskeg; Soil strength test
instruxients; Tracked vebicles; Traf-ficability; [Diaah; Parry Sound, Ontario
Canada; Water Buffalo; Weasel]
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13 ABSTRACT

A program of trafficability tests with 10 trzcked vehicles was conducted in nine
confined muskeg areas in Ontario, Canada. One hundred and forty-one single self-
propelled tests, 8 towing tests, 5 towed-vehicle tests, and 12 torque-requirement
tests were conducted. Results showed that vehicle performance o.a a self-propelled
(co-no co) basis can be correlated reasonably well with cone index of muskeg.
Vehicle weipht appears to be the most significant vehic.ý factor affecting per-
formancc. Cone index values in the virious mur~eg surface cover formulas varied
widely, being influenced principally by the quantity of water present. The data
obtained did not reveal even a general relation between muskeg surface cover
formula 6nd cone index. Anomalies occurred in relations of vehicle performance
to cone index of muskeg, suggesting that although cone index appears to be a prime
indicator of muskeg trafficability, it will be necessary to examine other physical
properties of the medium as well.

KEYWOkDS: Field tests; Military vehicles; Mobility; Muskeg; Tracked vehicles;
Trafficability; [Parry Sound, Ontario, Canada]
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IS ABSTRACT

This report presents introductory and background information on research beitse
conducted on performance of soils under tire loads, and describes in detail the
test facilities and techniques used by the Army Mobi'ity Research Branch, Mobility
and Environmental Division, U. S. Army Engineer Waterways Experiment Station. It
also includes a coeplete Iist of definitions of mobility terms with particular
reference to those concerning pneumatic tires.
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12 AUSTNACT

A total of 709 tests perfirmed wt'h single pneumatic tires in Yuma desert sand
placed in novable sand bins in the laboratory are analyzed. Basic plots are
presented to show the correlations obtained between individual variablis.
Representative cross plots ro'. included to show the effects of tire w:ith and
diameter and to illustrate the relative effectiveness of tha various tires tested.
Initial steps in the development of a numeric that will define a single relation
between dependent and Independent variables for all tires and test conditions
are reported.
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tires; Sands; Soil-wheel interaction; Tire performance; Trafficability

DD I . .° 1473 cassifid
Seftdtv Classaiflcado

129



Unc]assified
Security CIassifhcation

DOCU1,ENKT CO TROL DATA- R&D M

S(sr..ec# IA-I1flcotlr- ot 'I#,*. bed6" of o.bsI ., Md/.9I or/o.ll.n.i. m~o.f I,. "Ite.dq %A the 0e.,.g tepoet is cDlosllsod)

1. ONIGINATIN G ACTIVII Y (CeqW~toe NItM) 20. MeCOPO0T SLCUNI TV C LA.ISSICA TON

if. S. Arn.y Engincer Waterways Experiment Station Unca ssified
Vicksburs, Mibsissippi 26 eROUP

REPORT TITLE

PERFO6MANCE OF SOILS UNDER TIRE LOADS: TESTS IN CLAY THROUGH NOVEMBER 1962

4, DESCRIPTIVE NOTES (T'pe o. .oprt and Mtehalmoe a&e#*)

Report 3 of a series
S AUTHOR•S) (Los$ 0 oin. fAeI oine., I.iffel)

Wismer, Robtrt D.

G. REPORT DATE 70 TOTAL NO oPr PAGEs V6. NO. OP REFS

February 1966 73 7
G.. CONTRACT OR GRANT NO. 64. E.RiIwNATON's Ioi•"ItT "U"Daws)

6 Po.,cT No i-V-0-21701-046, Technical Report No. 3-666
Trafficability and Mobility Research Report 3

S.Task 03, Mobility Fundamentals and 9,6 Z 0Tm(S) (Any ¢ trw.M• t.,w.ah.e..Iw'.E
Model Stueies [

_. -AD 631 029
1O A V A IL ABILITY/ISMITATIOe NOTICES

Approved for public release; distribution unlimi-ed.

I I- SUPPLECMENTARY NOTES GI. SPONSORING MILITARY ACTIVITY

U. S. Army Materiel Command
Washington, D. C. 20315

IJ ABSTRACT

This report analyzes the results of 184 multiple-pass tests with a single, smooth,
pneumatic tire (9.00-14, 2-PR', in u fat clay at a high degree of saturation. These
tests were performed using a wide range of tire loads, tire deflections, and soil
strengths. Some of the tests were conducteo to study the influence of speed or.
performance. Basic plots of the data (oie"dependent versus one independent variabl
with all other independent variables held constant) show the relative effect of eac
independent test variabLe on tire performance. Scatter of the pull and torque dat-
points was found to be quite large for the early .tsts. An examihation of the data
showed that a differeace in soil strength between the soil surface and the reiminde
of the soil mass was the probable cause of the scatter. Improvement in soil pro-
cessing techniqucs subsequently pr.duced more uniform soil conditions and virtually
eliminated this scatter in the later tests. A simple static analysis was found
adequate to reprceent th, forces and moments on a towed or powered pneumauic tire
operating it small sinkages L- a soft clay.

KEYWORDS: Clays; Laboratory l,-sts; Performance predictions; Pneumatic tires; Soil-
wheel interaction; Tire performance; Trafficability

DD.R'°,. 1473 Unclassified

130



Unclassified
Security Ctassifcation M

DOCUMENT CONTROL DATA" R&D
(S*..Ir •ta...irfcqa . of.c Uf. 04 ofe 6.60 .b# t .,d k l1fmone mus.IIt. m * e•oe m wh Ow eme. "pre t opld I b.,lIjIed)

1. ORIGINATING ACTIVITY (Celoffete authede I*. REPORT S¢CURITY C LASSIFICATION

U. S. Army E.ngineer Waterways Experiment Station . Unclasssied
Vicksburg, Miss. , ouP

3 REPORT TITLE

rr'-KF~r%-L-%WCF OF SOIWa UNDER TIRE WJADS; ANALYSIS OF TESTS IN SAND
FROM SEPT•MER 1962 THROUGH NOVEMBER 1963

4. OESCNIPTI' E NOTES (Type of m.me &iW hmel,.w dale)

Report 4 of a series.
16 AUTHOR(S) (Loes R-e. 09 M0041. 6I1141

Turnage, Gerald W.
Green, Andrew J., Jr.

SREPORT CATE 7*. TOTA# NO. OOF PAGES 76. NO. Or RaPS

February 1966 9911
S&. CNITRACT OR GRANT NO. SL* ORIGINATOWS REPORT HUNER(*S)

. PROJECT NO. I-V-O-217Ol-A-O46, Tachnical Report No. 3.6
Trafficabilýcy and Mobility Research Report
e-Task-03, Mobility Fu.Aamentals a.nd Sb. PTHRfORT NO() (Any.Mern.beo., 6my be ... js-.
Model Studies
A AD 632 245

10. AV^ IL ASILITY/LIMITATIOW NOTICES

Approved for public release; distribu ion unlimited.

II. SUPPICUENTANT NOTES 11a. SPONSORINO 60LITARY ACTIVITY

U. S. Army Materiel Command
Washington, D. C. 20315

13. A82TRACT

The effects of tire deflection, tread, carcass stiffness, :onstruction speed,
and slip on tire performance in a dry sand are examined. Laboratory test
re.ats indicate that for best performance in a dry sand & tire should be
highly defl-'cted, smooth, and of diagonal-ply construction. Variations in
carcass stiffness have negligiole effects on tire performance when deflections
and loads are equal. It was concluded that the performance of pneumatic tires
in sand is affected by speed; however, the extent of this influence is not
wholly determined. Logical, orderly relations are shown between slip and
several independent and dependent variables--wheel load, soil strength, pull,
And sir.kz---both at the tored and maximum pull points. A direct relation is
shown between the pull developed by a 4x4 vehicle and that developed by a
single wheel in multiple passes. Good agreement w.s attained in this relation
for both Yuma (desert) and mortar sand. Significant differences in tire
performance registerei in Yuaa and mortar sands at corresponding atrenghh levels
prompted a study of the physical characteristics of the two soils. This study
revealed notable differences in the strength characteristics that explain a
portion of the differences in tire per4bmnce in the two sands.

KEYIKRJDS: Laboratory tests; Pe-forumance pred1ctidM Pneumsfic tires; Sands; Soil-
wneel interaction; Tire performance; Trafficability
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IASRATThis study examined the effects of tire deflection, tire geometry, wheel
load, and soil strength on the performance of coarse-grained soils subjected to
moving tire loads. Mathematical expressions were developed that combine the inde-
pendent tire-soil and system parameters and relate them to the performance coeffi-

C d3/2
cients. A combination of independent parameters, CXd r .5 a eeoe

from single-wheel laboratory tests. This expression, referred to as the sand mobil
ity number, is shown to account for the combined effects of soil strenrth (G), tire
section width and diameter (b and d, respi-Ttively), wheel load (Wi), and tire de-
flection (5h) on wheel performance as measured by the performance coefficients.
A multiple-pass anatlysis wa3 conoucted to illustrate that performance on the secon.;
an4 third passes also could be related to the sand mobility number, althouith the
relation was not the same as that fcr the first pass. It was shown In a similar
fachion that the performance of vehicles on coarse-grained soils could be predictec
using a relation based an the sand mobility number.
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Pneumatic tires; 9ands; Soil-wheel interaction; Tire performance;
Trafficability
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SIL &OSTRACT

A study was made of the effects of various testing techniques on the performance of
pneumatic tires operating in an air-dried desert sand and a nearly saturated fat clay.
*Tests employing both controlled-slip and controlled-pull techniques were conducted wt
single-wheel dynamometer carriages. The results are presented in the form of graphs
with emphasis placed upon the pull-slip and torque-slip relations. For the conditions

* tested, wheel performance was found to be independent of testing techniques, with one
exception; consistent differences were noted between the results of prograimmed-
incre 'asinf- and programmed-decreasing-slip tests. However, this disatgreement occurred
only for a narrow range of s..ip (approximately -10 to +102). Careful And complete
analysis of a dynamir tect system must 1ýe made to determine the forces that actuallv
represent the wheel performance. A brief analysis of the horizontal forces acting on
the test dynamomieters is Siven to emphasize this point, particularly with regard to
difference3 between pull-slip. and drawbor pull-slip relations. It is shown that be-
cause of the inability always to attain a stable condition in coatrolled-pull tests,
controlled-slip tests are better fo, defining pull-slip relations.

KEYWORDS: Claysý' Laboratory tests; Performance predictions; Pneumatic tires; Sands;

Soil-wheel interaction; Tire perfor-iance; Trafticability
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T~he study reported herein was conducted to determi.ne whether the sand mobility number
that ha! been developed for circular-cross-section tires Ot~eratinl_ in a particular
coarse-grained, air-dry soil could be tsed to predict the performance of rectangular-
cross-section tires in the same or a second coarse-grained, air-dry soil. Five
rectangular-section tires were tested in each of two coarse-grained soils, a desert
sand from Yuma, Arizona, and a morttr-tvpe sand from a river deposit near Vicksbur,,
Mississippi. The data collected in these tests were comvared with relations pr~vlously
developcd from tests with circular-section tires in air-dry Yumna sand. Analysis of
test results showed that the Pxisting sand mobility number can be used to predict the
performance of rectangular-se-ion tires in both test sands.
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Data from a very large block of previously collected data 'ram laboratory single-wheel tests and from
selected field tests were examined to: (a) determine wnether the dimensionless prediction termss for sand

Gab)
31  fo clay could oe improved, and (b) extrapolate labloratory relations to

field relations for full-size vehicles., (In these terms C and G arP penetration resistance and pene-
tration resistance gradient, respectively, for clay and sand, b is tire width; d is tire liameter. h
is secticn height; 6 is tire deflection; and W is wheel load.) T1he term for sand and an improved term

rbd 1\'
for 7:1ay Q) 1/2 +(b~d were designated the basic prediction terms. These basic terms predict
d±zaesionless tire performance coefficients pull/load (P/W) , sinkage/diack-ter (z/d) , torque/load . active
radius (M/Wra), all1 at 20 percent slip (near maximum rull), and towed force/load (PT1/W) quite well for many

sizes and shapes cf pneumatic tires in the laboratory sands and clay, Other alternative terms examirned for
both sand and clay prediot the performance of tires or wheels of very gmall 6/h values more accurateiy
then the basic terms, but predict performance of conventional pneumatic tires less accurately. When dimen-

sionless terms (LOV~b~/ an [ (V /b)/(V /d )]"
09

' are attached to the basic prediction terms

for sand and clay, respectiveiy, the P/W versus precdiction term relations are effectively collap~sed to
single lines for wheel translational velocities (Vw) in the cl to 18 ft/sec range. (V is shear wave

yes
vlccity, VE is standard penetration velocity, and is is diameter of a standard cone.) 'Me basic pre-
diction terms can serve as the base for predicting wheeled vehicle performaz,-e in the field if RCI (rating
cone index) is substituted for C in the ter., for clay. Equations that describe the pertinent relations
ae examined in detail, and examples illustrute several of their many possible applicattions.

KEYWIORDS: Dimensional analysis; Mobility numbers- Performance pre-
dictions; Pneumatic tires; Soil-wheel Interaction; Tire
performance

DD SN041473 jma.UNNsUnclassified

135



DOCUIAZNT CONTROL DAtA.- R&D 01IIII

CI."t O ..i .0 f.1W..i bH " rtota~ o"-f ýse* ,# pni

I. O0IUIeII'AIIN G ACTIVITY (Claft.eet ... Ath) Us'. au~polIT sactanIv C 1hLISIVICATIOI4

U. S. Army Enrineer Waterways Exporinont Station Unclassified
Vicl'sburg, * iij6. la2b 601@9

WUIELS ONi SOFT SOILS; AN ANALYSIS OF EXISTING DATA

4 0ECT~tPPTIVC NOTCA (7Twe of mped a" bcksIie *a.J

Final report
S AUTRtOHS) ("Oft in00- 00(41 ""a. 1010"0

Freitag, D. R.

6. IE"OAT DATIE 741- TOTAL 0H.OFP VASCO or 0191's
4anuary 1965s IS1O 71.

6.CO4AC V TRCAO GRANTy hO. kecrefagof thef * OI#A1RK nPoIPY aeugFs)emg

Army ReseaL.ch an S ud U F9e s l
.SswIer AM 1961-August 192 fo Technical Report No. 3-670

0b &4Z 110001r 1400# (Any .g~MAMe aley~ 60 be mI#W

d ____________ AD 457 877
If. A V A it. aCILITY/LUNI1TATION NOTICIES

Approved for public telease; distribution unlimited,

I%. SU PPL tENETAAY NOTES ta. SPONS*0mNO MILITARY ACTIVI10TY

_________________________ fDepartment of the Armwy

13. ASITNACT

Wheel performance data from alnmost 3000 tests are tabulated and analyzed. Prin-
cipally these tests wer~e conducted on two genoral soil groups that are termed
frictional and ronfricticonal. Rigid-tired and pneumatic-tired wheels are repre-
sented. The force required to tows transport wheels and the maximum pull developed
by traction wheels are considered to zie measures of performance. The data are
aralyzed to show the effects of 1.4d, tire geometry, aid soil strength on whecl
performance. Among the tire geometry variables examined are diaftter, 4'idth,
deflection, carcass construction, and tread pattern. Tt Is shown that wheel per-
formance varied systematically with tht test variables. Hsieh of this variation
is described closely by mathematical expressions that are derived. In both soil
groups lo~ad and soil strength always have an important influence on performance.
In frictional soils tire di-ameter, width, and deflection are very Influential
while tread pattern and carcass construction are not. In nonfrictional soils
tire diameter, width, and deflection bave some Influence and tread pattern cam
be very important under particulaer circumstances. Very little benefit is de-
rived from dual tires and for traction on frictional soils duals are relatively
inefficient.

KEYWORDS: Dimensional analysis; Mobility numbers; Performance predictions;
Pneumatic tires; Rigid wheels; Soil-wheel Interaction; Tire performance

Unclassified
Sec .sty Clot 6(1ý4_aion

136



Uncla-Atifid ______

icwantv Classification 34E
D0CUMENT CONTR43L DATA. R&D

(S-rwly..U ~..I.I. .1oto Ito I., boody of ab'III,~ 60 too"d0t.U n.. wt~d ah.. aft. *No.tlt toop@,t I& c .itoeood)

I ORIt$2A TIPS ACTIVITY :C0#PoWW0 OUIWOft 20 RCPORT I&CURITY C LASSIPPICATION

U. 5, ArW Engineer Waterveyo, Experiment Station Unclassified
Vicksburg, Mississippi 26 GROUP

3 990011T TIlILIE

manuorTy Es-noNmmENTAL RESARC -,rjT-Y; ALiTERATUR SURmE or Effmm=JTAL
FACTORS IN THAILAND

4 0C$CRIPTIVE NOTE~ (Wi.4rpow * t nm&id twitueo4.. Ause)

Report 1 of series

Shamburger, John N.
Del Mar, David B.

6 REPO R7 LCAC 70TOTAL"*1 OF PA469 7& 060 OF cp's

June 1965C O RA4 336 16113t
8s, CNTRAT 00 11RAT NO.I0I2ATORS REPORT NUM6~4111f)

III PROJECT NlO. ?echnica' Report *na. 3-661, Reuport 1

ARPA Order N~o. 400sOO =T~ PolrT NOM) (AIP ouwanolos9 auiuineo "taoid

d. ____IAD 620 030
I (. AV A I6ASoIITY/LIWTPT6O## MOTIC9%

Approved for public release; distribution unlimited.I It S4JPP.6CMENTAR'fNOTES tt. SPONSORING MILITARY ACTIVITY
Service Agent: IOffice, Secretary of Defense
Army Materiel Comsmand Advanced R~esearch Projects Agency
Washing!ton. D. 9.Wsigc. D. C.

Is ASSYRACT

the survey repo-ted here... vas a searcn for maps, written text or description
and aerial photographs Chat would be useful in qruantitatively describing the physi-
cal attributes of the envircinment, found in Thailand that affect ground mobility.
These physical attributes includa surface geometry, soils, vegetation, hydrologic
geometry, and climate. Sections Corresponding to the physical attributes and a
general section were established for filing and cross-filing references according
to tkaeir data content. Eac!% section was further subdivided into two subsections,
text and map refertnces.

A list of 1613 unclassified references was compiled, and the contents of eace.
reference were evaluated according to the following categories: (a) quantitative
data, (b) qualitattive data, (c) useful data abseat, (d) gazetteers, bibliozraphies,
etc., and '%e) not reviewed. Of these references, 1012 were review d and annotete-,
,68 were cross-filed, ard 117 were not reviewed. Geogrwphic index maps were pre-
pared to sh.7w specific arcas of Thailand described in the annotated references iwtcr.
those areas were less than the entire co~mtry. Each bibliographic entry is identi-
fied by a serioes, of symbols iadicatingr (a) tectio.n "nd reference number. (b) sub-
lze.ticoa (text, paps, or both), (c) evaluation category, &,Ad (d) if and where Cross-
filed..
KLYWORDS: Bibliographies; Environmental analysis; Environmental factors; Mobility;

State-of-the-art studiea; Tropical regions; Ifhailand]
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IS ABSTRACTTread]ess pneumatic tires were tested in specially prepared Iet clay and

dry sand. Horizontal and vertical forces, torque, slip, and sinkage were measured,
The test variables included tire width and diameter, tire deflec'icn, znJ the load
on the tire. The soil strength was varied over the full practicable range. A di-
mensional analysis of the tire-soil systems tested yielded four principal indepen-

b
dent Pi terms: the shape number h , the deflection number I , the .:lay loading

Cd 2  Gd 3

number -•- , and the sand loading number F-- . Four dependent Pi terms--the

pull number the sinkage number , the torque number , and the towed
PT

force number P----were used as measures of tire performance. The experimental

results showed, both for the clay and the sand, that the consistency of the soil
could be evaluated, and that true scaled systems could be achieved. A single term

and this term was shown to be related to the dependent parameters. Curves deline-
ating the following relations were developed and verified: -

P z
7 6 i Z -S 1 for clay. V 0 , aw , 7.. 1[ 1r;1 sando

P z Q PT,| .. /• o.. €y"• P z Q PT GLo.bd'" fr

KEYWOIDS: Dimension-.l analysis; Labo.-atory tests; Mobility numbers; Performance
predictions; Pneumati•L tires; Soil-wheel interaction; Tire performance;
Trafficability
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I1. AUSTRACT

This report presents the results of tests conducted to determine the capabilities
of active electromagnetic sensors operating In the 0.76- to 5.00-micron spectral
region to measure terrain characteristics affecting traff5cability of soils.
Controlled tests were conducted under laboratory conditions in an attempt to
correlate the effects of soil composition, moisture content, and density w:ith
the quantity of Infrared energy reflected from a soil sample. Results cf the
tests indicate that the composition and moisture content of homogeneous soil
specimens can be characterized by active infrared sensors under controlled lab-
oratory conditions. However, sirce infrared energy is reflected by infinites-
imally thin surfaces of materials, information concerning density and sub-
surface parameters cannot be discerned. Techniques for prediction of soil
parameters through the use of wultiwavelength analysis are discussed.
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,3 AS.TRACT Laboratory tests were conducted with radar sensors to detect the pr-Rence
of and measure the depth to suusurface interfaces when tbe surface was bare, and
to determine the influence of vegetation at various stages of growth on radar
responses. A secondary purpose was to continue earlier studies to relate radar
returns and the electrical constants that they provided to moisture content and
density of samples. Large laboratory samples were prepar,:.d at various moisture
contezits arid densities and with various depths to a subsurface metal plate.
Standard pulsed radar sensors operating with frequencies of 297, 5870, 9375, and
31;,5113 megacycles/sec and directed at various angles of incidence to the surface
were employed. The results of this laboratory study indicate that the standard
pulsed radar sensors can provide information that will permit an estimate of the
m.oisture content of deep, homogeneous soil samples and the detection of surface
vegetation of various heights. Radar signatures of vegetation-covered soil were
more sigs'ificantly alters( at Ka-, X-, and C-band frequencies than at P-band
fr,.quencies. However, standard pulsed radar sensors used monochromatically cannot
provide information for predicting depth te subsurface interfaces or for riire':_.y
indicating the presence of a subsurface interface. The systematic manner in uwach
•oil dept' .were varied in this study permitted an analytical solution to the
problem of measuring depths of layers and led tn the conclusion that properl-y
e":-: r:ed )addr •va'*:-.s could zeasure depths to subsurface interfaces. Tr, '.

A'&',,. r- yra~pozel.
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1S. AUSITRACT

Gamma-ray spectra over the energy range 0 to 2.82 mev were obtained from samples
of sand, silt, and clay. All tests were conducted iti the laboratory in a specially
designed low-background enclosure. Data were analyzed by coasidering aoth photopeak
energy level and radioactive source content in relation tq soil parameters.

The results indicate that the thorium, uranium, and potassium pnotopeak counts
are proportional to moisture content expressed as a percentage of dry soil weight.

a When expressed as ratios to one another, the photopeaks lose nearly all moisture con-
tent information but appear to be related to each of the three selected specific soil
types.

Appendixes A and B present a listing of the FORTRAN compu~ter program and a dis-
cussion of tht data reduction techniques that it uses in the analysis of gama-ray
spectral data.
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62. A•ETRACI

This report presents the results of tests using a passive infrared scanning
system responsive to radiation below approximately 7.7 microns to determine if
a correlation could be found between the infrared emissivity of soils.and their
trafficability parameters. It was established that a relation betweep the
passive emission of soils and soil surface moisture coniec.t can be measured,
but contributing factors other than soil emissivity were encountered. These
factors %ere soil surface temperiture and incident radiation on the soil sur-
face. These factors so influenced the magnitude of the net detected enerey
that this measurement is meaning.ess, in terms of soil emissivity, unless the
contribution of the other factors is known. Progressive modifications in mea-
suriag tezhniques were made in an attempt to isolate these comq:nents. The
data indicate that the information that can be obtained from a passive infra-
red sensor using the technique derived herein is not sufficient to determine
emissivity values of terrain with sufficient accuracy for practical application.
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.5. AGSTRACT

This investigation was made to (a) measure the basic electrical properties of various
test samples at frequencies ranging from 1.074 to 1.499 GHz with an L-band interferom-
eter and (b) to relate these basic electrical properties to the physical properties of
the test samples. Twelve soils, described in Appendix A, were used in the test program
Laboratory tests on soil samples at various moisture contents and densities indicate a
strong, nearly linear relation between the volumetric water content and relative di-
electric constant. This relation is not greatly affected by changes in soil density,
soil type, or small changes in frequency. Similar relations also exist between loss
tangent and electrical conductivity and volumetric water content as modified by fre-
quency, and may be useful for soil type identification. Test. were also run on samples

of water and a sample of concrete. Results from the water samples show a decrease in
the relative dielectric constant, loss tangent, and electrical conductivity with in-
creasing temperature. The decrease in relative dielectric constant appears to be uni-
form with temperature from 0 to 65 C and is slightly less than 1/2 percent/C. This
ratio may prove useful in estimating the effects of temperature change on the electri-
cal properties of a soil-water mixture. Dielectric constant measurements axr shown to
be & sensitive measure of water loss in a concrete sample. In addition to the L-band
interferometer, two other dielectric constant measurement devices are described in
Appendixes B'and C and the results of tests with these devices are presented. These
are (a) a capacitor measuring system operating between I and 75 MHz for soil and water
samples and (b) an open wire line (OWL) probe operating between I and 2 GHz for soil
and concrete samples. KEYWORDS: Concrete samples; Laboratory tests;
visrowavas: Remote sensinft: Soils: Tr fiailitv
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11 ABSTnACT

The primary objective of this study was to obtain informa'ion on the environ-
mental characteristics of rice fields in the United States and the effcct of
these characteristics on ground mobility for comparison with similar charac-
teristics of rice fiel&. in Southeast Asia. Twenty-two study sites w:ere
located in rice fields in a variety of soil types and under various cultural
practices in Arkansa's and Louisiana. Fifteen of these sites were sclccted to
bE visited for dsta collecion several times during a one-year meriod. Data
collected w:ere soil moisture, soil strength, vegctation characteristics,
surface geonetry, hydrologic geometry, cultural p-acices, and weather. Gcneral
conclusions were: (a) for most sites a good correlation exists between soil
strength and soil-moisture content; (b) estimates of soil strecngt can be made
by en.ploying the WES soil moisture-strength prediction icthod; (c) surface
geomctry features or U. S. rice fields would not be a significant deterrent to
ground vehicles; (d) the soil strength in the fields tested is adcquatc to
support at least one pass of most military vehicles; and (e) most hydrologic
rcoaietcy features in U. S. and Southeast Asian rice fields are insurmountable
for preseut standard military vehicles.

KEYWORDS: Environmental analysis; Environmental factors; Rice fields; Temperate
regions; Terrain analogs; Trafficability; Tropical regions;[Thailand,
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13. AGSTRACT

Tests were conducted with a powered wheel to determine the effects of wet surface
soil conditions on the performance of pneumatic tires. Surface soil conditions
were of three types: (a) unflooded, (b) flooded 3nd undrained, and (c) flooded
and drained. Tests were conducted on fat clay and silt. All test tires were
6.00-16, 4-PR. Four tire surfaceý-, or tread patteins, were tested: a smooth tire
(i.e. no tread), a directional tread, a nondirectional tread, and a smooth tire
w'ta traction aid.

It was found that for a given wheel load the loss of pull (used to express per-
fomiance) due to flooding was esscentially constant for each tread pattern. The
treaded tires and the smooth tire with traction aid performed bettcr than the
smooth tire in flooded soil, but there was no significant difference between the
tread patterns other than smooth. In the unflooded soil, the tread pattern made
Sconsiderable difference in performance. Peak performance usually was attained
at an optimum load, -egardless of tread pattern or soil condition. Pull remained
unchanged through five passes in th. unflooded soil, increased with each pass in
the flooded-and-draincd soil, and decreased with traffic in the flooded-and-
undrained soil. Magnitude of pull was dependent to some extent on duration of
flooding. Lowest pulls due to slipperiness were attained when the flooding period
was very brief and the soil strength high.

KEYWOýS: Fine-grained soils; Flooded soils; Laboratory tests; Pneumatic tires;
Soil-wheel interaction; Trafficability

PD ont. 1473 Unclassified
Sevr:ity Classificaton

145



DOCUOITEiI E i CO0'4Y; OL DATA T R & D
(SeC lfr t,•llllc l f eflilleo ."•y Of ah~faff n~d Wnf-*lnig -"foidý -. 1 h u o shifted wshn- th e¥4111 rlpwi J et e.1ml indj

1.OkltGNATINQ 4lC IIVlTv (Cill*•afls: "thWlU) RC ll[PORT SILCwluflTV CIbLAiSl01CATiO0

U. S. Army Engineer Waterways Experiment Stat~ion [ Unc~lassified

Vicksburg, Mississippi 3& GROUP

2. R9P0Ry TITL.C

MOBILITY ENVIROMNAL RESEARCH STUDY; A QUANTITATIVE MET1H0D FOR DESCRIBING TERRAINFO

GROUND MOBILITY; SUMMARY

4. IESCRIPTIVE NOTES (2w. Of V I and Intel..ive dAM.)

Volume I of an eight-volume report
6. AU THOR431 SAI 7J nAli dli. 01US.11i;=0185 ma.

John H. Shasburger
Warren E. Grabau

6. RIPORT DAT, T& TOTAL NO. OF PAGES |75 NO. OP REPl

may 1968 50 3

n.CONTRACT OR GRANT NO0S. ORIGINATOWS REPORT MUM11ERISI

L IRO.,CCT No. Technical Report No. 3-726
Volume I

a.Order No. 400 616 OTHCRmgp RS OIS. 00(Ave. og~tMOO am OW MW b .. eu

A. AD b35 392
Iso. mI$TowoUTIO STATEMENT1

Approved for public release; distribution unliitted.

If- SUPPLEMENTARY NOTES 1S. SPONS"ONG MILITARY ACTIVITY

Pivanced Research Projects Agency
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1I. ASSTRACT

Terrain factors that significatly affect the locomotion of ground-contact vehicles are
encompassed in four factor families-surface composition, surface geometry, vegetation,
and hydrologic geometry. Since a condition of this 3tudy wrs to establish the effe. ts
of terrain on vehicle locomotion in Southeast Asia, six areas in Thailand were selected
for detailed study. These areas are in the vicinities of Nakhon Savan,' Lop Burl, Chiang
Mai, Pran Burl, Khon Keen, and Chanthaburi. This report is presented in eight volumes.
This volume is a suary and discusses in general terms the procedures that were used
to acquire the necessary quantitative terrain information and the techniques that were
employed to adapt these data to displays that meet the specific requirements of cross-
country locomotion analysis. Data collection, reduction and analysis procedures, and
techniques for mapping the specific factors of each factor family are presented in
Volume II (Surface Composition), Volume III (Surface Geometry), Volume IV (Vege~ation),
and Volume V (Hydrologic Geometry). Data *ummaries are included as appendixes to the
appropriate vclumes. Air-photo interpretation techniques used to identify air-photo
patterns of terrain features are presented in Volume VI. The method used to synthesize
the factor-family maps into factor-complex maps for mobility purposes is presented in
Volume VII. Map sets for each of the four factor families for the six study areas are
presented in Volume VIII.

KEYWORDS: Mobility; Terrain Analysis; Terrain clapsification; Terrain factor maps;
Tropical region.; [ThailandJ
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This volume presents the methods used to collect, tabulate, and analyze basic aata on
surface composition of six selected Thailand study areas-Nakhon Sawan, Lop Buri,
Chiang Mai, Pran Buri, Khoa Kaen, and Chanthaburi. Fifteen mapping classes that ex-
pressed the different soil mass strength and soil surface strength conditions were
established. The criteria used in isolating these classes were (a) tI'at each class be
identifiable using air-photo interpretation techniques and (b) that each class exhibit
similar variations in strength with moisture content. Areas with equivalent traffi-

* cability characteristics in terms of the 15 nap classes were delineated on 25 surface
composition naps together covering the six study areas. This del.ineation was accun-
plishea through interpretation of maps and air photos with control data in thie form of
field and '..sboratory information. The maps are presented in Volumte VIII of this re-

* por-.. A compromise between the desired degree of mapping class refinemeit and that
aictateu by the pno~a-interpretcetion criteria was necessary because of the nature of
the field data. During the mapping program when sample site data were extrapolated to
insa 2pled, areas, the degree of mapping ref inemeut was of neiei..ity only fair to low.
it ic recommended that additional studies be conducted on the use of air-photo

* ~identiLjcation techniqi~es in classifyi".g soil strength conditions. This approach is
* hbelieved~ to be basically sound; nowever, more field verification of predicted values

will helo to determine the reliability of this Approach.

KEYWORDS: Aitphoto interpretation; Mobility; Surface composition factors; Surface

_ýInpoaition 

napping; Terrain 
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Tropical 
regions;[Thailand]

147



SU~nh CIs,-.,tcmii Ni, EM,E

DOCUMENV UOATROL DATA . R & D
(Sec.t.lty Coe heIeorien of stile. body,$ b6.rnct end fIeoeMln avftea~lm -ae. be ,en"et d ýhen the ee",all m>.' J# cl£...e

ORIGINATING ACTIVITY (COO.I60"dt.) Ibe. R4POnT OCCURITV CLASNPSCATION

U. S. Army Engineer Waterways Experiment Station Unclassified
Vicksburg, Miss. 39180 J G

NEPORT TITLE

MOBILITY ENVIRONINENTAL RESEARCH STUDY: A QUANTITATIVE METHOD FOR DESCRIBING
TRRAIN FOR GROUND M)BILIITf SURFACE GEOMETRY

4. orSCRIPTIVU NOT9S r(Ye 01 t1 p 4I &11 e Nd A."Me e 410ee)

Volume III of I eight-volume report
8. ADTNOIMOS (PTintmen ýN, adNe WHO& 9.e1O)

William K. Dornbusch, Jr.

. RILPORT OATO[ M TOTAL NO. OF PAGES T6. kO. or RaSr

September 1967 214 5
401 CONTRACT ON GRANT NO. 36. ORIGIN. TOWS R1ElPORT NMWOENIAI

6. PRojacT NO. ARPA Order No. 400 Technical Report No. 3-726
Volume III

0636 OTMER REtPONT NOIS (AIW 5*60 fUtwoiw Awl MW 0m.81~d

S.LD 921 788
,6. CISTRIOUTION STATEMENT

Anproved for public release, discribution u~nlimited.

VPD0LEMEdNTARV NOT9S 12. SPONSORING MIL6TARY ACTIVITY

Se.-vice Agent: Advanced Research Projects Agency
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13. AIISTRACT

This volume presents the methods used to collect, tabulate, and analyze basic data
nn thu surface geometry of selected areas in Thailand. The descriptions of surface

6 eometry features are so designed that the descriptive values can be used directly
es input to an analytical model for predicting the cross-country speed of selected
military vehicles. A method for classifying, interpreting, and mapping surface
geometzy factors from aerial photographs (air photos) was developed. 'Jt5izing the
field data collected and the air-photo interpretation methods developed, 25 surface
geometry factor-family maps were prepared, together covering six selected study
areas (Nakhon Sawan, Lop Buri, Chiang Mai, Pran Buri, Khon Kaen, and Chanthaburi).
These rpas are presented in Volume VIII of this report. Air-photo interpretation
methods for predicting and mapping -. irface geometry factors 'er" largely guccessfu1 .
However, the degree of accuracy achieved for each of thpse factors varied con-
siderably, being a function of the scale, quality, and vintage of the existing
photography. It is recommended that studies be continued to develop air-photo in-
terpretation techniques to improve the reliability of estimation of surface geom-
etry factor values.

KEYWORDS: Airphoto interpretation; Mobility; Surface geometry factors; Surface geometr
mapping: Terrain analysis; Tropical regions; [Thailand]
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11k. A1111TACT

Vegetation characteristics were measured accordi-, to established sampling pro-
cedures at 295 sites within six areas of Thailand. Frcai these samples, stem diameter
and spacingdata were extracted for analysis, since these are the factors that signifi-
cantly affect performance of ground-contact vehicles.* A dual classification system

,was devised for mapping these factors in which spacing values of 0-1.5 a, :o.15-3-0 a,
j v3.0-9.0 m, and )-9.0 m were determined for stem diameters of 5 cm or less, 13 cm or

less, 23 cm or less, and 130 cm or less, and stem diameters of 3 cm or more, 8 cm or
more, 15 cm or more, and 25 cm or more. 114p units were ideatifie and del imited o`naerial photographs by established photo-interpretation keys and techniques. Twenty-
five 1:50,000-scale map sheets were prepared for the six study areas, on which T2
distinct mapping classes were identified. The veg~etation field data for the six
study areas are summarized in Appendix A.

KEYWORDS: Airphoto interpretation; Mobility; Terrain analysis; Tropical regions;
Vegetation factors, Vegetation mapping; [Thailand)
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This volume presents the methods used in collecting hydrologic geometry data in
selected areas in Thailand. The selection, analysis, and classification of param-
eters significant to vehicle mobility are discussed. The photo-interpretation
methods used in identifying hydrologic geometry features from serial photographs
(air photos) and the extrapolation of these identifications to area not investi-
gated on the ground are presented. The rationale for cartographic portrayal of
these parameters is explained. Utilising the collected field data, available air
photos, and the Army Map Service series of topographic maps, hydrologic geometry
factor maps were prepared covering the six gelected study areas (•akhon Savan,
1'. Buri, ChJi Hai, Chanthaburi, Pran Buri, and Khon Kaen). The maps are pre-
b-ated in Volme VIII of this series. It proved only partially possible to deter-
mine the existence and value of the chosen parameters from air photos since sam
of the incividual factors are wholly or partially belov the water surface. Never-
theless, paoto interpretation plus extrapolation from measured sites made it
possible to nap the parametric values by class range with reasonable validity.
Recommendations are made involving improvement in data-eollectiom techniques.

KEYWORDS: Airphoto interpretation; Hydrologic l.i.etry factors; Hydrologic geometry
"apping; Nobility; Terrain analysis; Tropical regions; [Thailand]
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This volume contains a catalog of photographs of Thailand terrain features
described in such a vay that the Information can be used in making estima-
tions of their effects an the perforimae~e of ground vehicles. Results of
a limited study of the effects of film emulsion on the acquisition of
terrain information from aerial photog".aphs are also presented.
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Individual factor maps, devised as a product of the processes described

in Volumes III III IV, and V of this report, were compiled into a set of factor-
family maps (surface composition, surface geometry, vegetation, and hydrologic geome-
try) by a process of sequential superpositioning. The factor-family maps were then
compiled into two kinds of "factor-complex" maps: areal factor-complex maps, which
display the areal extent of discrete combinations of factors value classes of three
factor families (namely surface geometry, surface composition, and vegetation); and
linear factor-complex maps, which display the occurrences of linear features (i.e.,
streams, canals, lakeshores, etc.) and the surface composition and vegetation
immediately associated with then. Each discrete factor complex, whether areal or
linear consists of a unique combination of factor value classes. Since the factors
and factor value classes were chosen because of their significance to vehicle locomo-
tion, it is presumed that each factor complex will affect vehicle performance in a
spec~!ic and identifiable way. Because the data defining the factor complexes are
precisely those required as terrain input values for the veh~icle performance pre-
diction model, the factor-complex maps furnish a coanprehensive and concise data
store for estimating the cross-country speeds of many military vehicles operating in
tezardna such as those of Thailand.

KEYWORDS: Mobility; Terrain analysis; Terrain factor maps; Terrain factors; Terrain
mapping; Tropical regions; [Thailand]

ctdo144~~SSAE OWP OS N1 ,w nowa5iI GO 11-0 7m ;. GO.T o RYW Unclassified

152



Secunty Classification NME
- OUMENT CONTROL DATA - R&D

(Srn..ftp ~ 0 tiedi~~ e s 54e.. bi.' of ~ M.ICI mid h~e.5kiii i steofWIw. be .nf...d am... *l. eeoto## mewd Is c .SiII0dJ
1. 0R1G1NA TI00G AC TIVITY (Ce-swme. 0".he) S0. REPORT SECURITY C LASSIPICATION

U. S. Army Engineer Waterways Experiment Station Unclassified
Vicksburg, Mississippi 441 OROvP

S, naPORT TIT69
M4OBILITY ENVIRONM1I=A1, RESEARCH STUDY; A QUANTITATIVE METOD FOR
EVALUATING TERRAIN FOR GROUND JNflILITY; TERRAIN FACTOR-FAMILY M4APS
SELECTED AREASI OISCRIPTIV9 NOTES (Tnw 01 wpent OWd iftal.v.l defte)
VolumesV?!n

5. AUTHOR(S) (L4Mt me.IN WE. mm. eday

0. R9EPORPT DA T9 70. TOTAL NO OP PAGES 7L f%12. OP EP

Jun 1_066
55& CONTRACT OR GRAil? NO. 9a. *RIINTR RmOR wNsE()

a Prjc O Technical Report No. 3-726

.. ARA ORDER go. 400 93. 27h=PORT MOMS (Ams, emeer uw. &of 4lmpam aeedand

s AD 487 500
16. AVAILAGIL&TY/LIMITATION NO0TICES

Approved for public release,; distribution, unlimited.

Is. SIIPPL 90NENTART MOTUS 12. SPONSORING MILITARY ACTIVITT
Advanced Research Projects Agency;
Service Agency: U. S. Army Materiel

__________________________ Consana.. Wa~hingtnn- n- C_

IS. AMYTRACT

The terrain factor-family maps presented in this volume were prepared by four
tams, e.ch with responsibility for a factor family. The methods used and

techniques developed to compile these maps are discussed by factor family in
the following volumes of this report series: Volume II, Surface Composition;
Volume 111, Surface Geometry; Volume IV, Vegetation, end Volume V, Hydrologic
Geometry.

KEYWORDS: Mobility; Terrain analysis; Teriain factor maps; Tropical regions;
[Thailand]

DD I ,ft4 k- 173 Unclassified
Security Classification

153



Secutity Classification N. _HE
DOCUMENT CONTROL DATA- R&D

(Secaridy clxaalfceti' of loI.. body 0! eSCUfeU eas hed lla wdeb•efOn MU4 60 .ew.#d wh.o m 0 . 048. o "p.It It CADSOIJIed)

I. ORIGINATIN G ACTIVITY (CqPefSeW 010010 am. 141PO10T SICCUNITV C LASSIFIOCAION

U. S. Army Eneineer Waterways Experiment Station Unclassified

Vicksburg, Mississippi ap

3. REPORT TITLE

FEASIBILITY STUDY OF THE USE OF RADAR TO DVTECT SURFACE AND GROUND WATER

4. DESCRIPTIVE NOTES (iTM of -00d aMndAeduhafe doee.l)

Final rel;)rt
SAUTHOR(S) (LX&R9a..I-h e neme. & WdW

Davis, Billy R.
lAndien, Jerry R.
Williamson, Albert X., Jr.

6. AEtPONT DATE .o. TOTAL NO. OF PAESU n-- ,,0. O1 in-uP

April 1966 93 7
Ce. CONTRACT OR $RANT NO. SAL Om.11INATO.R REPORT NUMUE(sr)

a Pm.0Cr NO. Technical Report No. 3-727

.ARPA Order No. 400 ==S . PoRT NO(S) (A.m oee nw.Ae of*tee ,. mbe.ed

__AD 483 864
SO- AVAIILAL TY/LIMITATION NOTICES

Approved for public release; distribution unlimited.

It. SUPPLEMENTARY NOTES 12. SPONSORfING MILITARY ACTIMVIT

Service Agent: Advanced Research Projects Agency
U. S. Army Materiel Comand Washington, D. Z. 20315
Washington, D. C. 20315

13. ASSTYRCT

A study was made of the feasibility of using radar sensors as a remote means of
detecting the presence and measuring the depth of surface water, and detecting
the presence and measuring the depth to ground water. Also, previously begun
studies wcre continued to relate radar returns, and the electrical soil con-
stants they provided, to soil moisture content. Large laboratory soil sampler
were prepared at various moisture contents and with various depths of surface
water and various depths to ground water. Standard pulsed radar sensors operat-
ing with frequencies of 297, 5870, and 9375 megacycles per sec through various
angles of incidence were employed. Results .ndicate that the standard pulsed
radar sensors can provide information to permit detection of surface water and
an estimate of the moisture content of deep homogeneous soil samples. However,
such sensors do not permit predicti on of depth of surface water, presence of
ground voter, or depth to g& And water. Systematic variation of surface-water
depths and depths to ground water permitted an analytical solution for measur-
ing surface- or ground-water depths, and led to the conclusion that properly
designed radar systems coud measure surface- nd ground-water depths. Three
such systems are proposed.
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IS ADSTRACT

This report presents a method of analyzing the results of tests with pneumatic
tires in sand. The method is based on considering the work of the pull developed
by the test wheel as the differencc between energy input and energy dissipation.
The parameters used to represent these energies are defined, and their mcan:iegs
are described in some detail by referring to the theoretical case of a rigid
wheel on a rigid burface. This theoretical case is also used as a reference
system to evaluate the results of actual tests. Exp-rimental data for a number
of representative test conditions are presented and compared with the reference
system. Concepts of efficiency are introduced ar.d discussed. It is concluded
that the proposed approach is promising for both conveniently expressing ex-
perimental results and understanding tire behavior in soft soils. However, more
data will have to be analyzed to draw quantitative conclusions for practical
use. Four appendixes are included in which certain aspects of the definitions
o1' slip, stress diztribution, lateral confinement of sand, and criteria for
propelling-system efficiency are discussed.
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IS.1 All IRACT

Tests were run in an air-dried sand using three rigid wheels 28 in. in diameter and
12, 6, and 3 in. wide to determine the effect of wheel width on performance. Perform-
ance in this study was evaluaLed in terms of pull, torque, and dissipated energy.
It was found that the width/diameter ratio influenced the rate of increase of torque
energy at low slips, but at high slips, the slopes of the dissipated energy lines were
approximately the same for all rigid wheels. An increase in load at a given high slip
caused some changes in torque energy, and there was a load for which the torque energy
was a minimum. The dissipated er.ergy tended to increase with an increase in load, so
the pull energy tended to decrease with an increase in load. Energy parameters
measured in these tests with rigid wheels were compared with similar parameters from
tests with pneumatic tires. In all cases, thep-leumatic tire was found to be more
efficient, with the better performance attributed mostly to a lower energy dissipation.
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I$ ABSTRACT

Field and laboratory tests were conducted on 11 fine-grained soils from the
temperate climate of the United States and 17 fine-grained soils from the tropical
climates of Puerto Rico, Panama Canal Zone, Hawaii, and Thailand to determine
the trafficability and other engineering properties of the soils. Soils were
collected from the 6- to 12-in. layer for a wide range ol parent materials.
Temperate and tropical soils of each parent material were selected on the basis
of their similarity in.the Unified Soil Classification System and in topographic
position. A comparison of physical, mineralogical, and chemical properties, and
results of standard and special engineering tests indicate, with few exceptions,
no significant differencea betwzecn temperate and tropical soils from a similar
parent material. It is concluded that temperate and tropical soils of similar
parent material and Atterberg limits generally have other engineering properties
that are similar and behave similarly when subjected to standard and special
engineering laboratory tests. Differences in behavior between soils from each
of the climates can 'be associated with differences in Atterberg limits.
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A program of trafficability tests was conducted in uwizonfined muskeg areas at Fort
Wainwright, Altaska, with four tracked vehicles: an 14116 amphibious cargo carier,
an M459 armored personnel carrier, an 1W41 comb~at tank, and an M50A1 combat tank.
Self-propelled, go-no go tests were conducted with all four vehiples; maximum-
drawbar-pull. tests were conducted with the 14116, the $159, and tho M4.1; and crosser
country speed tests were conducted with the 14116 and )459.1 Results indicate that
a combination of depth to pe rmafrost and strength of the muskeg layer above perma-
frost affects vehicle performance on a go-no go basis. Average maximum drawbar
pull of the M4116 was 59% of its gross -weight and apparently was limited by its
torque converter output. The maximum pulls of the M459 and M421 ranged from 35 to
4o0% of their gross weights and were limited by traction capacity of the muskeg.
In the cross-country tests, the speed of the M1.16 was greatly affected by the
inability of the driver to see over the vegetation ahead of him. The reduction in
speed of both the 14116 oncd -.he M459 when traveling on muskeg, as compared with
maximum speed on hard surfaces, may be attributed to.inoreased motion resistance.
Depth to permafrost was affected by surface cover; the shallowest permafrost was

.found generally under dense, woody vegetation, and the deepest permafrost was
found generally in areas covered with grass and vater or where all vegetation had

KEYWORD4: Field teats; Military bases; Military vehicleF; Muskeg; Tracked vehicles;
Trafficability; [Fort Wainwright, Alaska; M441; M459; 1460A1; M4116]
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IS. AUSTRACT

Pertinent soil trafficability data were collected during the wet season at 846
sites in Thailand. The soils were identified according to the Unified Soil
Classification System and the U. S. Department of Agriculture textural classifi-
cation system. Two general topographic positicns (high topography and low
topography) and two general levels of wetness were considered. A scheme for

* classifying soils according to their trafficability was developed. The scheme
lists the soil types in order of decreasing trafficability under each of three
topography-wetness level categories and shows the probability of successful
passage on each soil for vehicles of known soil. strength requirements. The
scheme permits the estimation of the probability of a successful operation for
given soil type, to~pography,, and wi~tness-level conditions. If a choice of
several routes and vehicles is available, the determination of the vehicles with

the best chances of success over a given route or of the beat route for given
vehicles can be made.
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of a moving vehicle to disprete environmental factors. Measurements of force to
override vegetation, drive-line torque, vehicle linear and wheel or track rotational
displacement, fuel consumption, acceleration, pitch, and hydrostatic pressure uere
made to determine the effects imposed on the vehicle by soil and longitudinal,
lateral, and vertical obstacles. 7be specific components of the system used for the
various measurements are described and information concerning their positioning and
operation is presented.
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A total of 95 lateral obstacle tests were conducted with two t'acked and three
wheeled vehicles at the NASA Marshall Space Flight Center, Miss., and Eglin Air Force
Base, Fla. The principal conclusions from these tests were that (a') vehicle per-
formance in terms of speed made good in an array of vegetation assemblages can be
correlated %ith the density of vegetation assemblages exrpressed as mean obstacle
spacing, (b) the minimum obstacle spacing required to permit movement of a vehiclf.
can be computed from vehicle width, and (c') the speed made good a vehicle can
achieve when maneuvering in lateral obstacles is significantly affected by the slope
of the terrain. Methods of determining mean obstacle spacing from structural cell
diameter and percent area denied from stem diameters of trees, vehicle width, and
structural cell diameter are shown. A method of determining percent area denied by
logs, mounds, and other obstacles is suggested.
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A total of 372 tests were conducted with one tracked and one whee'ed vehicle at the
NASA Marshall Space Flight Center, Miss., Eglin Air Force Base, Fla., Pr~n Buri,
Thailand, and Khon Kaen, Thailand. The general purpose of these test was t'% obtaint
daita relating characteristics of longitudinal obstacles to vehicle performance in
terms sui.table for use in developing that pirtion of the analytical~ mode'l for cross-
country performance. The ;pecific purposes were (a) to determine the maxi=,rn horl-
zontal force and total work required to override sipgle standing trees of a range of
sizes at various speeds and pushbar heights and (b) to determine average horizontal
force and total work required to override trees in multiple array. Empirical rela-
tions are presented to support the conclusions that pushbar force required to fail
trees singly and in mulitpl2 array, work requires to fail trees singly and in multiple
array, and work required to override a single standing tree may be predicted from stem
diameter(s). A mnethod is suggested for predicting work required to override trees in
multiple a~rray. The results1 of the t-ee-felling tests in the Tunguska meteorite area
were confirm'ed, vith a single exception ncted, and discussed. It is rec3mmended that
edditional. testing be done in areas of soft soil to determine the effect of soil
strength on uprooting, and in grass and brush areas to determine the effects of small
vegetatioai on speed.

K~EYWORDS: Field tests; Mathematical models; Military vehicles; Mobility; Mobility
models; Performance tests (Vehicles); Tropical regions; Vegetation factors;
[Eglin AFB, Fia.; Marshall Space Flight Center,Miss.;, Thailand]
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This appendix present's a brief history of 'vehicle aynaznics modeling, a recapitulla-
tion of the U. S. -my Engineer Waterways Experiment Station approach to the prob-
lem of predicting ,enicle performanie in terrain containing discrete veýrtical ob-
stacles, and descriptiors of dynamic response prediction models for the M6OA., tank
and Y,37 truck, and compares measured and predicted venicle performar.are in terms of
peak vertical and longitudinal accelerations for 78 rigid dobctacle tests with the
two vehicles. Major conclusions from the tests were that performances o±l tne Y.60A1
tank and 1137 truck in terms of peak vertical and peak longitudinal Pe.celeraticons
experienced at the driver's zscat when traversing discrete, rigid obs;tacles can be
correlated with impact rpeed, that tht- mathematical techniquern described yirld
reasonably accurate predict ions of the spee' at which the M*0A1 tank !an contact

arigid obstacle without exceeding specifiec tolerance limits, and that refin-ement
is needed in the dynaimic response predictior model for the M137 truck,
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rorty tests were conducr.ed with two amphibious tracked vehicles and one amphibious
wheele~d vehicle a, Ealin Air Force Bpse, Fla., and near Khon Kaen, Thailand, to deter-
mine the vehicles' capabilities for exiting closed bodies of water. Empirical rela-
tiions, based on the data collected in this study and in previous studies, are presented
to support the conclusions that performance of amphibious tracked and wheeled vehicles
(in terms of "go-no go") in the water-land interface can be correlated with soil
strength (expressed as average cone index of the 0- to 6-in. soil layer), and that the
s2 ope-climwing ability in the water-land interface of the tracked vehicles tested
copares favorably vith that of the same vehicles operating on land surfaces of simil
soil compoition and ccnsistency.
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A total of 39 tests were conducted with two wheeled and tiro 'cracked vehicles at three
sites at Eglin AFB, Fla., and five sites at Khon Kaen, Thailand, in an effort to es-
tablish procedures for quantifying screening effects of vegetation on driver's vision
and to relate recognition distance to maximum safe speed. Recognition distance wa-s
defined in this study as that distance wherein 716 percent. of the dots pointed cn a
standard target could be counted in a vegetation assamblage, Prediiction-s of maximum
safe speeds were computed based on recognition distance, and average dc-iationr. f
predicted maximum safe speed from actual average speed for each test w=s 3.3 mph On
the safe side. It is recommnended that additional testing be done tr. develop a less
tedious anvd time-consuming procedure for determining recognition djsttence in vegetated
areas and that stopping distance-soil strength relations be established.,
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to. LUOITRACY

Sixty-six acceleration-decelerattion tests were conducted with three wheeled and two
tracked vehicles at five sites in Thailand. The principal conclusion from these tests
was that vehicle deceleration in soft clay soils can be correlated with soil strength
expressed as the average 0- to 6-in, cone index. The analysis indicated that accelera-
tion increased with an increase in soil strength, but no definitive correlation could

be established. Semiempirical and empirical relations were used in a first-generation
analyticaA! model to predict average speed over the test courses. Comnparisons of meas-

ured and predicted s~peeds led to recomendations for specific additional studies to im-
prove the reliability of the WES analytical model.
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i0. A£OTA•UT

The investigation reported herein was a pilot study undertaken to develop means of
predicting the performance of a CV-2 aircraft on irregular terrain and of quantifying
surface roughness. Special tests were conducted to ascertain the natural frequency
and damping characteristics in both the vertical and horizontal directions of the
elements of the aircraft. Landing, takeoff, and taxi tests were conducted at 15 field
sites in three general areas; accelerometers and strain gages were used to record
responses of 12 critical components of the aircraft. Simple mathematical models to
predict the dynamic responses of certain of the aircraft components were developed
for solution by both analog and digital computers and were verified by comparison
with measured data. Because of certain assumptions used in the development of the
models, the predicted data did not agree exactly with the a-tual data. Although the
predictions were of" useful accuracy, it is recommended that an analog model, excited
by megsuied terrain data, be used to determine the adequacy of a surface for landings
of the CV-2 aircraft. To obtain the terrain input, an outrigger trailer dynamometer
with an actual prototype aircraft tire as the terrain follower is proposed.

KEYWORDS: Aircraft landing 4reas; Computerized models; Microgeometry; Short takeoff
and laadins aircraft; PV-2 aircraft]
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19. ASISTRACT

Soil moisture, soil strength, and other relevant data vere collected in Thailand
during two vet seasons and one dry season for use in the development of methods'to
predict soil trafficability for off-road ground contact vehicles in Southeast Asia.
Data were collected at 75 test sites distributed in eight geographic areas which had
differences in soils, weather regimes, terrain, and land use.

From data collected monthly at the 75 sites, specific soil strength-moisture re-
lations were derived to depict the changes in strength that corresponded to changes in
moisture content. From data collected daily at 17 sites, specific soil moisture pr.ý-
diction relations were derived following procedures developed for sites in the United
States. Results showed that the prediction methods were applicable to Thailand sites
that were well drained. Modifications in the methods should be developed to account
for the influence of water tables when present. Similarities in specific prediction
relations tetween Thailand and the western hemisphere indicated that the development
of average prediction relat~ons is feasible.

Descriptions of Thailand and study areas are given in Appendix A. An application
of theý Thailand data, the derivation of a general soil moisture map for South Vietnam,
is given in Appendix B. The basic data are sumarized in Volume 11.

(EYWOIDS: Field tests; Soil aoi~ture; Soil property relations; Soil strengthl; Terri-n
anaj.ysis, Tralfflcability; l'rafficability data; 'irafficabilizty prediction;
Tropical reejons ilhaiiandl
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.3. AISTRACT

The XM759was tested at sites in Virginia ard Louisiana or% a wide range of terrain con-
ditions analogous to those of the Mekong Delta, South Vietnam. The off-road performance
of the XM759 was compared with that of an M116, 1-1/2-ton Cargo Carrier, Amphibious, on
the same test sites. An evaliation of the comparative performances of the XM759 and MIl
in terms of terrain-vehicle relations (trafficability tests) and average speed for the
terrain types tested (mobility tests) shows that the XM759 outperformed the Mil6 for mos
of the terrain conditions tested. Appendix A shows the :omputations necesdaty for
determining VCI's of tracked vehicles. Appendix B oresents a method for determining the
effects of buoyancy on VCI's. Appendix C presents results of the terrain evaluation
study to identify terrain types in several sections of South Vietnam and to locate
similar areas in the Mississippi River Delta for vehicle test purposes.
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cargo carrier; Mekong Delta; Mississippi Rtver Delta; XM759 logistical carri
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90. AUSTRACT

A mathematical model for a pneumatic tire vas used to compute the
horizontal and vertical forces transmitted throughi the tire to the vehicle
axle to provide realistic force inputs for model studies of vehicle dynamics. The
present model is valid for the cornputation of forces through a pneumatic tire
traversing nondeforming obstacles, with zero slip. Laboratory tests are described in
which static loaddeformation characteristics and dynamic obstacle-traversal
characteristics were obtained. These tests were run with 9.00-114 tires under several
conditions of ply rating and inflation pressure. Data from these tests were used
to calculate model parameters and to produce time histories of dynamic responses.
A computer implementation of the mathematical model is described which produced
force and displacement time histories similar to those obtained during the obstacle-
traversal laboratory tests. The model produced the essential features of the wave
forms see~n ia the laboratory and is therefore a valid representation of a pneumatic
tire 1fr"dynam'ic analysis of vehicles on nonyielding terrain.

KEYWORDS: Laboratory tests; Mathematical models; Obstaci~e-wheel interaction; Pneumatic
tires; Ride dynamics; Trafficability
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This appendix presents the procedures for digital implementation of the segmented
tire model, develoned in the basic report for an analog computer. Two procedures are
required*, (a) determination of' the segment spring coefficient from measured load-
defl.ection test results, and (b) computation of the resultant force vector transmitted

GE-420 system., and are included.
to the axle. Digital programs for both procedures ware written in Fort'an IV for a
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Wiener-yose T3eory is a strategy for identifying nonlinear systems in terms of a set of
"Characterizing coefficients." A computer study was conducted to discern problems of
implementation of the vheory. Several systems of increasing complexity were studied and
a practical form of Wiener-Bose Theory evolved. The systems studied were as follows:
(a) a zero-memory system, (b) rate-sndependent hysteresisn (c) a second-order system; with saturation, and (d) a fourth-order mechanical system with nonlinear compliances. A

: military M37, 3/4-ton truck was selected for characterization using a Wiener-Bose model
, having 1024 coefficients. The characterizing coefficients were obtained by utilizing

r the responses of the vehicle recorded during traversal of a specially configured
obstacle course whose total length was 2.5 miles. Once the coefficients were obtained,

! they were used to synthesize responses to specific terrain profiles. These predicted

* responses compared favorably with counterpart responses of the vehicle traversing the
* same profiles. It was concluded that Wienr-Bose Theory is capable of satisfactory

performance 4n the analysis of many nonlinear systems. The principal difficulty in
its practic;.l application is the extensive probing effort required for characterizing

I the system.,

KEYWORDS: Mathematical models; Mobility; Mobility numbers: Nonlinear systems; Ride

dynamics; Trucks
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Digital computer simulations were -~onducted in which a vehicle was run at several
selected speeds over terrain profiles with various levels of roughness. The terrain
profiles were genetated by computer programs that constructed and shaped sequences of
random normal numbers to provide representative profiles with a desired power spectrum,
variance, mean value, standard deviation, and RMS. These programs also performed the
necessary statistical checks for normality, stetionarity, and randomness. A comprehen-
sive, nonlinear mathematical model of' an M437 truck served as the vehicle. This model
allowed for the nonlinearities inherent in large rota.tional motions, the suspension
eleements, bump stop, loss of ground contact. and the tire compliance, which was

represented by a cluster of radially projecting springs. The results are presented in
the form of three basic graphs comparing input and output statistics and distributiont
funactions. The input statistics consisted of terrain roughness as measured by 5145
elevation. The output is represented as the 5145 vertical acceleration of the vehicle's
cenrer of gravity. A family of curves was developed relating vehicle response to terraiv
roughness for each speed of vehicle traversal. Cross plots of these established

degrees of terrain roughness.

KXYWORDS: Computerized models; Mobility; Mobikity models; Ride dynamics; Statistical
analysis; Trucks; Vehicle speed;D(437 truck]
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10 ASrS"RACT

Approximately 300 tests were conducted with an M37 3/4-ton truck at various speeds
over single obstacles of various heights and shapes. Data for acceleration-time his-
tory, vehicle speed and pitch angle, and event markings were recorded on FM analog
tape, which was processed by an analog computer (described in Appendix A), The fol-
lowing parameters were determined (at the vehicle center of gravity) for each test:
(a) peak, root me n square, and mean root mean square values of vertical acceleration,
and the vector sum of vertical and longitudinal acceleration components; and (b) ve-
hicle impact speed and average speed during obstacle traverssl. Linear correlations
of vehicle average speed with peak and statistical accelerations were determined by
regression analysis. From the corresponding coefficients of determination, the sta-
tistical values were found to exhibit a much higher degree of correlation with vehicle
average speed than did the peak values. A series of constant-condition tests revealed
that the statistical descriptors of vehicle response were superior to peak values in
terms of repeatability. , strategy was devised for displaying test results in compact
graphic form, which is usefUL for predicting vibration severity caused by traversal of

* sing..e rehstacles and can be included easily in comprehensive models of vehicle mobil-
ity. Statistical and peak acceleration values were compared with corresponding values
obtained from an analytical simulation of the M37 truck to determine whether statis-
tical descriptors can be used to validate analytical models. Further model testing
will be required b4ýfore conclusions can be drawn.
KEYWORDS: Computerized models; Field tests; Mobility; Ride dynamics;

Statistical analvsis: Tru- Vehicle* enppd-[M37 truckl
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1S. AGSTRAZT

Current theoretical concepts of soil-running gear interaction are basod on empirical
pressure-sinkage and shear stress-displacement relationnm. However, tests f rom which
these relations were obtained present a poor analogy to the soil-running gear inter-
action. Sela's theory of the relation between rigiJ wheel and dry sand is based
exclusively on the bhear stress-displacement concept, snd this provides an excellent
means of checking the concept. Using a simple approximate relation between the N/lW
ratio and the mean shear-to-normal stress ratio (-rio) taken over the totar7 contact
surface, the theory was checked by means of constant-slip rigid-wheel tests. Results
stongly supported the conclusion that shear-displacement relations are irrelevant to
soil-wheel mechanics. A new theory wab developed that attempts to assess the variation
of T/o along rhe soil-wb-iel interface, without referring to stress-displacement
relations. It uses the soil rupture pattern beneath rigid wheels on sand to subdividt
the total interface into three zones of different soil behavior. This theory agrees

better with test data than other theories.

K.X!IPDS: Rigid wheels; Sands; Soil-wheel interaction; Stresses under wheels
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An nal.ýi clexerimentally deterrdnrc:1 stress di~strirutions tler,eath tires o-n sand
revale a irog tndecyfor ate norxral stress-as to b' c~reatrr in areas of higher-

than-average a1ergdty ~.:long tepr-hyofhecnatpatchb v1,'trc the
tin- ri-gidit'. s au(7.nented by tire sidewall sz~ezana/or >icai tire flexing. Th-
question arc Q~ as to, whether the ob~serve.d phenomenont -ould be v.sed n~ivartac:eou6AYV by
directly controlling Qhe tire rigiratty pattern, and thus favorably in;'hcnce stress
distribation, w~ith the net result of' improved -,Ire performanec. An experimental wheel
was bin..t to test tiis principle; iti yperfcrmance Jis ceos.-ried in this report. The
control of local tire rigidity .. aohieved by a syseci o, ixc nonrotating hydraulic

acsisd the wheel acting ~.agiist a fixecC flexibl2 shoe, along w~hich the Loner
surface of .ne tire slid as it rotated. :csts witzh :;ard az, two ctrsnc.4-tb levels showed
that the wh :el .-ith favorable rigidity distribution 'i:crea:;ir4ý ,igidity to- the rear
of the soil-whet! interface', develoroet up to 7;percent mnore pull than the whee!l with
unfavorable -igiditir distriltuti on. Th,! -jeacer pul. was paraflleled by an efficiency
increase of' th~e sane order. Thesec experitnental result,- are explained Icy theoro-tka.l
computations based on the variatior of assuried stress distritoution as a function of
the rigidity patted n. The experlmcntal -whe-J, was built T,: ceckh a. principle ratner
than 'e be used as a rcans oli locomotion, but th-e pxcsjp-ect of' applying the principle
of coý.rnrolled ri.-flity in practice is shown to be promising.

KEYWORDS: Pneumatic tires; Sands; Stress distribution; Stresses under
wheels
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The r-sults of plate-sinkcage tests for normal loads and corresponding load-sinkage relations for towed
vehi -e. -re frequently expressed by the simplified sinkage equation p =kzfl I whece p is the
unit ivaci or pressure, z the sinkage, k the sinkage modulus, and n the sinkage exponent. It is
shown that this equation does not satisfactorily represent the results of routine plate-sinkage tests in
a plastic clay and in a fine cohiesionless sand performed at WJES. Expanded theories for bearing ca-
pacity of soils are reviewed and used to derive dimensionless pressure-sinkage relations for normal
loads, taking size, shape, and depth of the loaded area into consideration The trends revealed by
th,.se equations are partially substantiated by the test data, but significant deviations occur, especially
with increasing depth-diamneter ratios of plates in sand. The expanded bearing capacity equations
indicate that the tangential components of inclined loads encountered beneath powered wheels and in
plate-shear tests may cause failure in bearing capacity and corresponding large aduitional sinkages be-
fore the aeak shear strength of the soil in the contact area is attained. WES tests with ribbed shear
plates also show that failure along inclined planes at &~ ribs may occur a, low r.ormal loads before
the full shear stre igth is atttined is, horizontal planes oeneath the ribs. The effect of these occur-
rences on interpretation of the test data is discussed. Recommendatizns are a~de for further research
to determine the influence of size, shape, and depth of the loaded area and of a load inclination on
the load-sinkage relations.

KEYWORDS: Dynamic bearing capacity; Plate bearing tests; Pressure-
sinkage relaticvs; Vehiclte sinkage
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13. AtbSTRACT

One pneumatic wheel, four metal-elastic wheels, and two instrumented vehicles were
laboratory tested in a fine sand to determine their relative performance and to
establish a better understanding of the basic principles of the interaction of very
lightly loaded wheels with a soil whose properties were varied to include the prob-
able range of lunar soil propertie... Progrann'ed-slip tests were conducted with the
single whtels and the vehicles, thu latter being tested on both slcpes and level.
surfaces. Data indicate ti:..t for loads less than about 220 1. (501b)), the pull/slope-
clinbing abilizy was constant for a given soil condition. At greater loads, the rate
of increase in performance deareased. The effect of cohesion on performance was neg-
ligible at loads less than about 210 N (50 lb), but the effect zould be seen at higher
loads. The results of ', with the rietal-elastic wheels showed that none could be
relied on to propel a va .ec up a 35-deg slope. Modifications of the Bendix and
Grurman wheels enhanced th~ir performance to the point that they might be expected to
climb slopes in excess of 30 deg. Tests wit'h modified Boeing-GY v-heels indinated that
they might be used on slopes up to about 25 deg on certain soil conditions. The

powe reuird, n wr/km,for operation of the wheels on level and sloping soil :jr-
-ace wa deermned Itwas demonstrated that data frcm single-wheel tests can 1),.
use topreictthesloe-cimbngability Of a vehicle; such predictions tend to bhA
sl 'etlycoseratve.Reult o vetswiti hevhcs indicate that the torque
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W5 AGATUACT

This st~ady was condu,-t,-d t6 (a) evaluate the performance of the 8-ton
XM559E1 GOER vhen operatirg in selected Canadian terrainb sad (b) evaluate the
capability of the WES analytical model to predict the performance of an 8-tor.
XM559El in selected Canadian terrains. Speed andi motion resistance tests oh

secondary roads, cross-country speed tests, dravbar pull-sl~p tests, and towed
off-road motion resistance tests vere conducted. Where vertinent,, sotl, surface
geometry, and vegetation data were collected before or eftir ea~ch test, and speed,
vertical and longitudinal accelerations, percent wheel slip, and dravoar pull were
measured. A comparison was made ot actual performiance and performence as pred~cted
by the analytical model. The average of the absolute deviatilonof actual from pre-
dicted speeds for the teats conducted yas 1.364 mph.

KEYWORDS: Field tests; Goer vehicles; Mathematical models;'Milit.hry bases; Military
vehicles; Mobility' Mobif~ity models; Performance predicrions; Performna'ce
tests (Vehicles); 'Terrain factors; [Camp Gagetown, Canada; XQ4559EI Goer]
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and the center l ine, average fuel conxumed over the traverse, and center-line cargo
delivery rate. The vehicles were "run" over the :taverse under dry-season coi'ditions
(60 or 40 rating cor~e index) and wet-season conditions (60 or 35 rating cone index).
Four of the vehicles (11656, MS4AZ, M1520, and '4548) were tested also under wes-seasson
conditions of 60 or AO :*ting cone- index. Appendix A describes the WES analytical model
in act abbreviateJ form; Appradix.I. the. evaluation of th,3 dynamic response of the M1706;
and AppendiA C, somw additional general snalyses of the effects of 3oil strength onfveehicle performance.

I- KEYWORDS: Field tests; Military vehicles; Nobility; Performance predictions; Terrain
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$I. SUPPLUMMETARY NOTEKS $2 SPON900mNO LITAVIV ACTIVITYINaval Ship Systems Command
Department of the Navy
Washington, D. C. 20360

5* SSYACTTests were conducted at four riverine sites in south Louisiana in November
1969 to evaluate the perforstance of the Riverine Utility Craft (RUC). The RUC is an
amphibian that employs a locomotion concept based on the Archlinedean screw, It moves b
two counterrotatine rotors that give forward and backward thrust; the rotors a.lso serve
to float the craft. The R1tE is powered by two 380-hp engines and is dec igned to carry
la payload of 2000 lb; the gross weight of the RUC is 13,CO0 Vh. Specific purposes of
the tests were to (a) develop performance-soil strength (rating cone index) relations in
terms of maximum straight-I ir~e speed, m-Aximuin maneuver speed, and minimum time required
to turn 180 deg, (b) determine water-exit capabilities, (c) determine the speed attained
in a variety of test courses and terrain types commonly found in wetland marshes, and
(d) determine the degree of anal-'- of the terrain types tested with terrain types at
selected areas of the Mekong Del '. olith Vietnam. The specific puicposes of the test
rogram were satisfied, Test results indicate that, in general, the RUC can operate in

the riverine environments for which it was designed. The craft s performance is most
effective in water and wet marshes of low soil strength. The RUC also has a performance
capability in areas considered restrictive or even inaccessible to boats and other am-
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U. S. Army Ballistic Research Laboratory

S ASINACTAberdeen Proving Ground Maryland

This study was performed to c~.assify and map terrain for ground mobility purposes in
accessible areas of three German military reservations (Bawaholder, Bergea-Rohne, and
Grafenwohr). The terrair was cl~ssified in terms of surface geometry, surface compo-
sition, vegetation, and hydrologie geometry factors that affect vehicle mobility.
Mapping of the terrain factors was accomplished through pnterpretation. of air photos.
To provide the necessary ground control data for photo-iurterpretation processes, a
field data collection program was conducted, and data were collected according to
established procedures. The field data were tabulated and placed in established
class ranges significant to Eround mobilfty. Utilizing the field data, an air photo
interpretation method was applied to estimate the established terrain factor-value
classes from the geometric, tonal, and textural characzeristics of the air photo
patterns. Terrain characteristics were extrapolated from the' sample to the unsanple.'
areas, and factor-family maps at a scale of 1:25,00D were ;repared of the three study
areas. The factor-family maps were then compiled, into areal and linear factor-con.-
plex maps. The areal factor-complex maps display the areal extent of discrete combi-
nations of factor-value classes of surface geometry, surface composition, and vegeta.-
tion factor families. The linear factor-complex as;,s display the factor values of
linear features (i 6. streams, canals, road 'imbaukoents, etc.) and the surface compo-
sition and vegetation associated with them.

KE'xWORDS: Airphoto interpretation; Mqbility, Temperate regions; Terrain analysis;
Terrain classification; Terrain factor maps; Terrein mapping;[e~ Grany]
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The purpose of this study was to evaluate the performance of ten wheeled and five
tracked vehicles in the areal terrain factor complexes of the synthalogous (a coined
word meaning "synthetic and analogous") theater of operations (STOP) using the U. S.
Army Engineer Waterways Experiment Station (WES) anal~tical model.

Input data used by the model were (a) terrain data, (b) vehicle characterisLizz arid
performance data, and (c) terrain-vehicle performance relations.

Predictions were made in terms of speed, fuel consumption rate, and delivery rate for
each vehicle in each areal terrain factor complex of the temperate, tropical, and
arid climates of the STOP duri.g the dry and wet seasons.

A two-volume report was prepared. Volume I contains the application of WES analytical
toodel for evaluating vehicle performance In STOP terrain coirplexes, and Appendix A,
which describes the analytical model. Volume II contains Appendices B, C, and D,
which give the vehicle performance predictions determined by the analytical model for
the tropical, arid, and tei~perste climate theaters, respectively.

KEYWORDS: Desert regions; Military vehicles; Mobility; Mobility models; Performance
predictions; Synthalogous environment; Temperate regions; Terrain analysis;
Terrain factors, Tropical regions
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U S. Naval Civil Engineering Ldbe'ratory

2 AOSAA~TPort Hueneme, California
1In anticipazion of the grcwing need for various types of seafloor-crawling vehicles, problems of sea-

trafficability -related land and seafloor features showed that soft-soil mobility is the central problem
for s-,afioor-crawling vehicles. Therefore,, the soft-soil mobility problem was given the strongest
empt~asis within the state-of-the-art review, which includes a discussion of existing seafloor-crawling
vehicles The relative merits of the existing basic running gears are discussed arnd weighted with re-
spect to diffetent mission profiles and seafloor characteristics, and four (wheel, track, hanging chain,
and slcd) selected as prime contenders. A largely laboratory-confined test program with these four
r'inning gears is outlined to respond to the problems of immedi4! concern. (a) applicability of
existing land trafficabilaty prediction techniques to seafloor trafficaLility prediction and (b) deterrnina-
nion of go-no go cnte'-ia, which,, for practical reasons, must be relat.ýd to the response of rmotely
operated seafloor probing devices. A free-falling two-part cone penetrometer is proposed for this
latter purpose.

KEYWORDS: Mobility; 0cian bottom vehicles; Trafficabil~ty prediction*
Underwater vehicles
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The spoýeds of'~ the ?.BT70 and tiv, M6OAIE1 tvnks )vt-r two. s Joc~ted triy ýrs'.s in West
Germany were predicted by usý -,f an %nalyti-ti mod-i. Vthicle p.orformance rpiati.-ns
extrapolated from previous fjied tests with similar vohiclcs ani1 from terrain data
(surfa, o geometry, surface , mp sit;ion. v'getat! )n, ani hydrologic geometry) coi-
1ected along and adjac-ent to the sel. ctel trav.ers,,s wore uzed in the :.naiysis. The
analytical model is de-scrib.:i briefly, and the levoelopment of the vehicle-terrain
relations necessary t- mak~e -:pcv'i prvdicti -ns 'v,-r the traverses selected is dis-
cuss-d in letail. The appli ation of the an-ilytica. model, th' Aivizi,)n of the
traverses into disorete socti.)ns, th', factors riff-ting speed il oa,'h Z-otion, 'And
the predIiction of the speed for each seotic)n are explained. A o-mparisin of the pre-
dicted speeds for the two vehicles indieates the ?MWT7O t,) have the higher speed. It
Is suggested that aotual field teots be, conduoted with the vehicles, when practical,
to determine the accuracy )f the prediotio)ns -uid to improve the- qtility )f the rela-
tions used in the analytical siodel. Appendix-s A, B,, C, and D describe the deter-
mination of the minimusn sý)il strength on which the vehicles can operate, the ,lasses
used to describe terrain for ground mob 1l1ity purposes, the computer program used to
predict dynami&. response o)f the vehicles, anid the effect of the drive~r's position on
speed of the M6'rAlEl over abrupt surface irregularities, respectively.

KEYWORDS: Mathematical models; Military vehicles; Mobility; Mobility
models; Performance pre4.~cLions; Tanks (Combat vehicles);
Terrain factors; Vehicle speed; [Germany; M6OAlEl tankc;
MBT70 tanki
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$I- SUPPLEMENTARY NOTES IS. SPONSORING MI1LITARY ACTIVITY

U. S. Army Materiel Command
Washington, D. C.

In the concept phase of Mobility Exercise A (MEXA) the principal purpose was to design
vehicles capable of operating in remote areas of the world where extremely soft soils
predominate, and to develop a program of tests for evaluating these vehicles in soft
soils. As a result of the HEXA conzapt phase, two 2-1/2-ton wheeled and one 2-1/2-ton
tracked vehicles were designed. The designs of the vehicle characteristics were in part

derived from the U. S. Army Engineer Waterways Experiment Station (WES) soil traffica-
bility system, the WES mobility numeric system, and the Land Locomotion Laboratory soil
value system. After the MEXA vehicles were fabricated, a field test program was designei
and conducted. A total of 328 tests were conducted on level clay soils at two sites
near Vicksburg, Miss, and at eight sites near Fallon, Ney. The purpose of the test
program was to evaluate the performance of 'the three MEXA vehicles (HEXA lOxlO, HMEXA 8x81
and MEXA track) and three military vehicles (XI4lOEl, H35A2 (mod), and M113) on a range

of soil strengths. Further purposes of this study were to compare the perfornances of

measured and the predicted performances of the vehicles, using the three prediction
systems from which the HEXA vehicles were designed. The measured and predicted per-
formasace comparisons are presented in Appendixes A, B, and C, Volume 11. Test results
indica.te that the HEXA vehicles do what they were designed to do, i.e. perform better
on soft soils than military vehicles. However, on firm soil and on pavement, perf or-
mance is not as good.

* KEYWORDS: Field tests; Military vehicles; Mobility; Performance predictions;
Trafficability; Vehicle design; [Mobility Exercise A; Nevada; Vicksburg, Miss.)
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vehicles with t~hose of the conventional vehicles. An additional purpose was to tie-
velop a method of ptedictinsV the speed of a vehicle maneuvering In lateral obstacles.
The vehicles were tested on a firm, level surface upon which was imposed a statisti-
cally designed array of obstacles at ma'n spaclnpgs of 14, 16, IR, andl 20 ft. In 78 of
the 119 tests conducted, continuotis neastirenents were mode of vehicle speed, drive-line
torque, and steerine angle. In all tests, mensurements were madeo of time elapscd and
distance traveled. The data collected pernitted the deve-lorment of useful rel-Itions
between vehicle width and minimum obstacle spacinp negotiable, ve"Icle gpeed and ob-
stacle spacing, vahicle steering angle and obstacle spacing, and vehicle speed and ob-

* stacle clearance. Tliese relations were used to develop a simple method for relating
the naxcitflu speed a vehicle can develop to obstacle spacing that required only a knowl-

* edge of the vehticle width and its spe-ed-traction characteristics on a firm surface.
Thie conventional vehicles traveled faster and required less arduous steering than the
I WXA vehicles. The maxcimum spacing required by each vehicle ,'ppeared to be a direct
function of its width; all vehicles required the same minimums clearance on the driver's
side. Appendix A describes the use of speed-obstacle spacing relations asi Input data
for an analytical model
aKLYWORDS: Field tests; FAlitary vehicles; Mobility; Obstacles; Performance predictions

Performance tests (Vehicles); Surface geometry factors;[Mobility Exercise A]
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IS. SUPPLEtENTARY NOTES I*. SPONSORING MILITARY ACTIVITY

U. S. Army Materiel Command
Washington, D. C.

Fifty tests were conducted with two vehicles, an X141.0El, 8x8, 2-i/2-con cargo truck
and the MEXA lOxlO, 2-1/2-ton, wheeled, articulated test bed. The vertical ob-;tacle
zest course at WES, on which rigid, single or multiple obstacles of various heights
and shapes can be tested, was used. The primary purpose of these tests was to obtain
data to relate obstaciu height, vehicle speed, and vertical acceleration (at selected
locations on the vehicle) for use as input to the AMC-71 cross-country mobility pre-
diction model. A secondary purpose was to provide data for use in verifying the vehi-

.cle dynamics prediction models using test data for the XM410EI and MEXA lOxlO. Results
of the test are presented by curves relating, for a series of obstacle heights, the
speed of the vehicle at contact with the obstacle versus peak accelerations at selected

locations on the vehicle, and obstacle height versus speed for a vertical acceleration
of 2.5 g's in the driver's compartment and vehicle center of gravity. Test data are
compared with predicted results obtained from the dynamic response computer models for
both vphicles. The results indicate among other things that: (a) tue intensity of
vertical acceleration depends on the location in the vehicle; (h) human tolerance
levels are reached only for vertical accelerations; (c) tire pressure can significantly
affect peak accel--.ation relations; (d) for a given level of acceleration, speed de-
creases with an increase in obstacle height; and (e) with proper input the mathematical
models can be used to adequately simulate speed-obstacle height relations.
KEYWORDS: Cargo vehicles; Field tests; Military vehicles; Mobility; Obstacles;

Performance predictions; Performance tests (Vehicles), Ride dynamics;
Surface geometry factors; [Mobilitv Exercise A]
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Washington, D. C.

Is ASISYRACT

Fifty tests were conducted with two vehicles, an X1!4410E.1, Wx, 2-1/2-ton cargo truck
and the MEKA lOxlO, 2-1/2-ton, wheeled, articulated test bed. The vertical obs;tacle
zest course at WES, on which rigid, single or multiple obstacles of various heights
and shapes can be tested, was used. The primary purpose of these tests was to obtain
data to relate obstac.cLt height, vehicle speed, and vertical acceleration (at selected
locations on the vehicle) for use as input to the AMC-71 cross-country mobility pre-
diction model. A secondary purpose was to provide data for use in verifying the vehi-
cle dynamics prediction models using test data for the XH4lOEl and MEXA l0xlO. Results
of the test are presented by curves relating, for a series of obstacle heights, the
speed of the vehicle at contact with the obstacle versus peak accels.~rations at selected
locations on the vehicle, and obstacle height versus speed for a vertical acceleration
of 2.5 g's in the driver's compartment and vehicle center of gravity. Test data are
compared with predicted results obtained from the dynamic response computer models for
both vnhicles. The results indicate among other things that: (a) tbe intensity of
vertical acceleration depends on the location in the vehicle; ('h) human tolerance
levels are reached only for vertical accelerations; (c) tire pressure can significantly
affect peak accelaLation relations; (d) for a given level of acceleration, speed de-
creases with an increase in obstacle height; and (e) with proper input the mathematical
models can be used to adequately simulate speed-obstacle height relations.
KEYWORDS: Cargo vehicles; Field tests; Militiry vehicles; Mobility; Obstacles;

Performance predictions; Perf~ormance tests (Vehicles), Ride dynamics;
Surface geometry factors; [Mobility Exercise A]
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SI. SUPPLMNENTARY NOTES I2. SPONSORING MILITARY ACT. VSTY
I ~Assistant Secretary of the Army (ROD)

Department of the Army

Washington, D. C.
1* AOSTRACT

The study reported herein is an analysis of the penetration of circular plate, and
smooth-walled and rough-walled cylinders in two rands, each prepared at three strength
levels. "he penetration elements ranged from 2.5 to 61 cm in diameter, and the speed
of penetration in all tests was 2.5 mm/sec. No basic differences were forund in %he
shape of the penetration resistance curves for plates and cylinders, and the Zorces on
the base of the cylinders were only slightly higher than those on the plates. The
forces due to friction on the zidewalls of the cylinders were greater for the rougfl-
walled cylinders than for the smooth, as could be expected, but they did nct vary sys-
tematically with sand density in either case. Collapse of the data intc a -ingle func-
tion for sand was achieved by plotting a dimensionless pressure parameter P/rd versus
a penetration parameter z/d . This gave evidence that pressure-sirlh.e relations, and
thus bearing capacity, of large footings can be predicted from molel tetit3. Dimension-
less scaling relations and theoretical equations that include a fric~Lon angle term
were also found to predict bearing capacity, but the problems in measuring A true fric-
tion angle make the use of these relations questionable for this purpose. The tests
were deemed successful and eliminated irregularities encountered in the results of
routine tests. The data should also be of great value in investigations of depth fac-
tors for beering capacity of sand. This report will be supplemented by a report on
similar tests in clay.

- ORDS: Footings; Penetration resistance (Soils); Sands; Soil
penetration tests
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* This report is the third in a series and concludes a study intended to establish scalin
relations of forces and disp.acements for families of circular foctings (plates and
cylinders). The report contains the basic data and an analysis of the .enetration re-
sults obtained from tests with circular plates and smooth-walled sad rough-walled cyl-
inders in a fat clay prepared at two strength levels. The footings ranged from 2.5 to

* 61 cm in diameter. In general, it was found that a dimensionless equation of the form
P/c = f(z/d) , where P is pressure, c is soil cohesion, z is depth of penetration,
and d is diameter of the footing, appears to be adequate for scaling forces and dis-
placements. However, the data suggest that, in weak soils, there may be a minimum
footing diameter below which the scaling law does not apply. A single dimensionless
plot of the data obtained for the several sizes of footings is not supported by exist-
ing bearing capacity equations. Th: measured curves of penetration resistance (on the
base of the footings) versus depth of penetration are in better agreement with those
computed by the Meyerhof equation than with those computed from Brinch Hansen's
equations.

KEYWORDS: Clays; Footings; Penetration resistance (Soils); Soil
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IS- SUPSLE.9EN9TAR•Y NOTES II2 SPONRING MILITANT ACTIVITY

Superseded by Technical Report M-71-10, George C. Marshall Space nlight Center
Report 1 National Aeronautics and Space Administra

IS._A_9TACT tion ,huntsville. Alabama
S•. AS3TRACT

Six versions of the Boeing-GM metal-elastic wheel were laboratory tested -n a lunar
soil simulant (crushed basalt that was processed to have a grain-size dictribution
approximately the same as that of samples collected during Apollo 11 and 12 flights)
to determine their relative performance. The consistency of the soil was varied to
cover a range of cohesive and frictional properties to simulate soil conditions
assumed to exist on the noon. Programmed-slip and constant-slip tests were conduc-
ted with the U. S. Army Engineer Waterway&, zxperiment Station single-wheel dyna-
mometer system. Data indicated that the wheel covered with metal chevron tread over
50 percent of its contact surfact may be slightly superior to other versions. Soil
accu•sulated in the wheels during the tests, and the amount seemed to vary linearly
with sli.. Less soil accumulated in the 50 and 75 percent chevron-covered wheels
than in the open-mesh one. Pull/load increased rapidly with slip to a near maximum
at 15 to 25 percent slip for all wheels, then increased slowly to 100 percent slip.
This stIgests that the operation of a vehicle at slips higher than 25 percent for
protracted periods invites imm.obilization, since a small increase in pull requirements
as would occur if a soft soil spot or a steeper slope section were encountered sud-
denly, would probably induce 100 percent slip. Power requirements for all wheels
also rose rapidly at slips beyond 15 to 25 percent. These observations reinforce
the practical wisdom of using 20 percent slip as a datum from which to compare the
performance of wheels (and vehicles).
KEYWORDS: Flexible wheels; Laboratory tests; Lunar roving vehicles; Lunar soils; Slip

tests (Vehicles); Soil-wheel izceraction; [Boeing-GM wheels]
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Programmed-slip tests were conducted on a lunar soil simulant to evaluate the performance of a
first-generation Elastic Looop mobility system (Eam), developed by Lockheed Missiles and Space Company.
The EUMS was tested with three types of surfaces on its outer face: (1) grousered with sandpaper stripe
Clued between the grouserso (11) smooth with sandpaper strips glued on, and (111) grougerad without sand-
paper strips between the grousers. Soft-soil performance, and obstacle-surmounting, crevasse-crosering,
and slope-climabing capabilities were Investigated. Data indicated the't the energy regairevente and drawber
pull developed In sort soil decreased with increasing ELM6 sped. The performanze was not affected greattly
by the various track surface conditions tested, but there were indications that a redesign of the track sur-
race might Improve the Performance.* The soft-soil mobility ptrfrormance paremet.'ra for the EIMS are
quantitativelyr conrperabie to the performance parameters or the LAmiar Ilovir Vehicle wheel designed by
Boeing Cmnpany and General Motors Corporation. The step obstacle-surnsounting capaoility was dependent an
the track surface conditions and the obstscle surfaces teated. The largest rigid, rough-aufaced obstacle
climbed was 30 cm (12 In.) tIgh, with the EINS operating with track surface conditi~on Us, above.. In con-
trant, the crevosee-croasirg capcbility was indopindent of track surface condition aid crevasse surfaces
tented, the maximeum crevasse traversed was 11.0 cm (4..6 ft) wide. The slope-clisabing capability of the
MMj wan4 dependent on the track surface condition and the manner In which the ELMS was linked to a twa-wheeled trailer that simulated a second SIM unit. 2%e ELM with track surface condition 1, above,

* climbed the maxid m slope, 3D deg, with the tr-tiler mounted such that Its attachment to the UMU allowed
free privoting. The maximum slope measured in slope-climbing tests was considerablyr higher than would
have been pr,,xicte4 from the P20.J& value obtained in the level soil tests. However, there are certain

* indicatir... that the slope-climbing capability of the EU4 can be predicted froem tests on level groud.

KEYWORDS: Field tests; Lunar soils; Obstacles; Soil-track inter-
action; Tracked vehicles; Elastic Loop Mobility Systen
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It. SUPPLEMENTARY NOTES 12. SPONSORING •ILITART ACTIVITY

I Weapon Systems Analysis Directorate
Office of the Assistant Vice Chief o• Staf
U. S. Army

[ S. AnoITR ACTC

A study aimed at the analysis of existing ground models wat initiated by WFS and WNRE,
Inc., under contract to WES. The objectives of the study were to analyze existing
ground mobility models in order to: (a) determ-i e their general level of usefulness and
applicability to predicting cross-countty performance of ground vehicles in rhe r-al
world; (b) select the models that appear to be the aure promising for this purpose and
determirse their usefulness and applical-ility in more definitive terms; (c) point out
areas of the latter models in which -. 1ditional research is needed; and (d)-develop guide
lines for future development of ground mobility models. Various Army sources and
unclassified literdture were canvassed for cross-country perforiance models that have
been used or seriously proposed. Ten cross-country models were selected for detailed
examinration. The study produced a ccapendium of existing ground mobility submodels and
comprehensive cross-country vehicle performance models that have been used or have a
potential for future use. A structure for a NOW cross-country ground mobility model is
suggested, along with some minor additions that do not require a great amount of effort.
The study also presents a list of guidelines for the future development of ground

mobility models along with plans for a future research program. This report consists of
a main text containing an introduction, a presentation and analysis of single-feature
models, a description and analysis of cross-country performance models, structure for a
NOW comprehensive nross-coun.ry model, and guidel.nes and plans for future development
of ground mobilit:y models; and two appendixes that present in detail the soil-vehicle
models (Appendix A) and streamt-crossing models (Appendix B) examined for this study.
KEYWORDS: Military vehiclea; Mobility; Mobility models; Performance predictions; State-

: of-the-art studies
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Washington, D. C.
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This introductory report reviews approaches taken by major investigators of the soji-
track ,ystea and describes in detail thL facilities, techniques, and long-range program
that tae U. S. Army Engineer Wateruays Experiment Statiou will use to develop a compre-
hensive, quantitative description cf the behavior of soils under track loads. The re-
port also inclides a comprehensive list of definitions of mobility terms applicable to
the soil-track system. The laboratory model track to be used in the program is a fairl
large-scale single-track system designed for use in a dynamometer carriage-eo8l bin
arrangement. Initially, the model track will be used to determine the primary inde-
pendent paraseters for tracks operating in air-dry sand. A similar program uf tests
will be used to develop a means fcr predicting track performance in fine-grained soils.
Tests to determine track performance in layered toil systems are also planned. In the
final stages of the program, uhe data developed in the tests will be used to evaluate
existing track performanc-:. theories and, if necessary, to develop a new theory. Field
tests will then be cond-,cted to determine to what extent laboratory developed track
performance predictiou terra must be modified to predict in-the-field performance.
Appendix A describes the Plackett-Buruan teat design, which will be used to identify
the most important variables of the system with a minimum of testing. Appendix B
presents the Waterways Experiment Station mobility index formulas for tracked vehicles.

KEYWORDS: Glossaries; Laboratory tests; S.-jil-rr~ck interaction; State-of-the-art
studies; Tracked vehicles; Trafficability
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If SUPPLEMENTARY NOTES Report was also sub- 1, SPOSORINS MILITARY ACTIVITY

mitted to Florida State University, j U. S. Arny Materiel Command
Tallahassee, Fla., as thesis for Master of Washington, D. C.

SScience degree tn Statistics
53l ABOTRACT first-generation, quantitative descrlpt:.on of straight-line track pull per-

formance in a desert sand was sought by laboratory tests of a model track. Of 16 vari-
ables selected to provide a comprehensive description of the track-sand system, analy-
sis of three Plackett-Burman (statistical) test designs showed four to merit initial
study--soil strength G, track width b, track contact length 2, and load W. Principles
ol similitude were used to develop three dizrensionless, independent terms--PoAO b/f,
and GC3/W--to express the fm ctional relation among these variables and P20 (pull at

g 20 percent slip, i.e. near-maximum pull). Data analysis demonstrated that the last
two terms can be combined to G(b )3 7 21/W2 . simple linear regression determined the
least-sc~ares fit of P2 0 /W to log [G(b1),/'2/W] as 0= .2o048, + 0.161470 log

G(b) . Values of a and a 1 in P20/W + log [G(bI)3/2/W] were relatively
stable in regression of data subgroups separateR bysthe levels at which G, b, Lf and W

were tested. Compaxisons of linear regressions of form P2o/W = ao + aý log (Gb1 x2)

(with 4 + x2 = 3.0 and values of x• vdx2 varying from 0 to 3) also ndicated the
optimum prediction term to be G(bIJ/3/9 . Finelly, the equation froms a multiple
linear regression of P2 0/W on log G, log b, log 1, log W did not describe the test data
sigrificantly better than did the simple linear regression. From equation P2 i - ao +
a, log [G(b2) 3 / 2 /W], expressions were obtained for P2 O, W, and P2&&W in terms of ao, al,
k, and e, where k = G(ol )3/i, fcr two performance levels of particular interest, the
maxImum-pull and zero-pull conditiens.
KEYWORDS: Laboratory tests; Mathematical models; Mobility numbers; Performance pre-

dictions; Sa, .; Soil-track irtaraction; Track performance; Trafficability
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PREDICTION OF THE SLOPE-CLIMBING CAPABILITY OF ELASTIC RIM WHEELS
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September 1971 50 - 8
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Military Aspects of Off-Road Mobility, ______________________
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is. AGSSYRACT

A new seuiempirical approach was attempted to predict the slope-climbing capability of
wheels. This a,, roach consisted of determining the pull performance of flexible wheele
on yielding slopes by two extrapolations: one starting from the theoretically known
pull performance of flexible wheels on unyielding slopes, and the other from experi-
mentally determined performance of rigid wheels on yielding, level ground. The Zesult
is a prediction equation for the available pull of elastic-rim Siheels (as a particu-
larly simple case of pneumatic tires) on deformable, inclined soils in terms of sail
deformability, cohesion, and -.nternal friction; wheel flexibility end load; and slope
angle. Various reduction fac~ars developed to take sinkage and load effects into
account were adjusted to satisfy known conditions and to make the two extrapolations
compatible. By solving the prediction equation for zero pull, maximum slope-climbing
capability can be de~termined; and Ny solving for zeta slope, the maximum pull/load
ratio on level ground can be obtained. Although the equation lacks theoretical rigor,
it mat'-he~s the extreme conditions on both ends of tFte soil and wheel deformability
spectra and is thought to describe intermediate conditions with a high degree of
confidence. The equatioit has been checked numerically only for the test conditions
provided by elastic-rim wheels (Bendix lunmir wireels) because they exhibited the simple
deformation characteristics that were needed for this first formulation of a mew
approach. The more complex behavior of tires can be included In an extension of the
study.
KEYWORDS: Flexible wheels; Slope performance; :>il-wheel interaction
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1S AOSTRACT

A series of tests was conducted with a Lunar Roving Vehicle (LRV) wheel operating at
yaw angles ranging from -5 to +90 deg. The load was varied from 42 to 82 lb (187 to
365 N), and the speed was varied from 3.5 to 10.0 ft/sec (1.07 to 3.05 m/sec). It
was noted that speed had an effect on side thrust and rut depth. Side thrust, rut
depth, and skid generally increased as the yaw angle increased. For the range of
loads used, the effect of load on performance was not significant.

KEYWORDS: Lunar roving veh .les; Soil-wheel interaction; Steering; Wheels
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SU. S. Army Materiel Commnd
Washington, D. C.

19 A03 MACY Three pneumatic tires were used in a laboratory study to cuzpare the perfor-

mance of dual wheels at zero spacing with the performance of single wheels and to de-
termine the influence of tire spacing on dual-wheel performance. One-pass tests were
conducted on air-dry, medium dense to very dense sand. The data were analyzed for
powered wheels in terms of pull, torque, and sinkage coefficients and of efficiency,
all at 20 percent slip, and for towed wheels in terms of towed force coefficients.
The existing WES performance prediction system was used in bc.h cases. Results showed
that a powered dual wheel at zero spacing, considered as two wheels sharing equal load
and exhibiting equal performwnce, outperformed a single whael with the same character-
istics as each wheel of the dual-wheel configuration. The performance of powered dual
wheels decreased with increasing wheel spacing until the two wheels performed like
singlc wheels. This critical spacing was reached when it became two to three and one-
half times the width of one of the wheels. A dual wheel at zero spacing, considered
as oie wheel, performed practically the same as a single wheel with the same charac-
teristics of the dual-wheel configuration; however, the dual wheel with zero spacing
performed more efficiently than the single wheel over a certain range of load, deflec-
tion, and soil strength combinations. Little could be concluded from the analysis jf

the towed condition. Qualitatively, the towed force coefficient was larger for dual
wheels than for a single wheel, its magnitude decreasing with increasing spacing
until the towed force coefficient of the single wheel was reached.

KEYWORDS: Laboratory tests; Performance predictions; Pnc-umatic tires
Sands; Soil-wheel interaction; Tire performance;
Trafficabilit-; Twin wheels
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Siy versions of the Fceing-C1. wire-meah wheel were laboratory tested in a lunar scil simulant,

consisting of a crushed! basalt with a grain-size distritutioni similar to that of' samples collected Juring
Apollo 11 and 1?2 flights, to. determine tneir r~lative perlx~rmsnce. The consistency of the soil was varied
to cover a range of cohesive and frictional properties to simulate aoil cociditiona assumed to exist on the
moon. Programued-alip and constint-slip tests were conducted with the U. S. Army Engineer Waterways Ex-
periment Station single-wheel dynamometer system. The performance of the wheel Lvvered with a metal chevron
tread ever ,)0 Dercert of its contact surface was slightly superior to that of' sther tread designs. The
amount of soil acumunnlated in the wheels luring the tests varied linearly with slip. Less soil accumulatel
in the 50 and 75 Dercent chevron-covered wheels than in the open-mesh one. Pull/load increased' rapidly with
increasing slip to a near maxinw. a* 15 tc' 25t slip fcr all wheels, then increased slowly with increasing
wheel slip to 1301t slip. This be'ravicr suggests that the operaticni of ft vehicle at slips higher than 2%l
for protracted periods would result in imm~bili:ing the vzhicle, as would be the case if the vehicle weie
required to negotiate a acft soil spot or a steeper slope section. Specific power requirements for all
wheels testel, as depicted by the power number, also rose rapidly at slips beyond 15 to 15%. These trends
indicate that the wheel per'.,mance at 2% wheel slip provides a reasonable measure for ccvcparing the
limiting mobilit~y performance capabilities of several versions of' the basic G1.C (wir,.mesh) Lunar Roving
Vehicle (LRV) wheel type. Following the selection cf the Boetng-GM~ wheel for Mi, Faiditional wheel-soil

r interaction tests were conducted in the lunar soil simulant ana are reported i- Report 2 of this series.
Appendix A describes in detail the WES tynamcneter system in which the IiV wheel was tested.

KEYWORDS: Laboratory tests; Lunar roving vehicles; Lunar soils; Slip
tests (Vehicles); Soil-wheel interaction; Wheels; [Boeing-
GM wheels]
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George C. Marshall Space Flight Center
National Aeronautics and Space Administra-

1 ___ ____ ____ tioti, Huntsville, Alabama

TO nearly identical Boeing-GM wire-mesh Lainar Roving Vehicle (LRV)
wieels were laboratory tested in a lunar soil simulant to determine the influence
of wheel speed and acceleration, wheel load, presence of a fender, travel direction,
and s ,-l strength on the wheel performance. Constant-slip and three types of
programmed-slip tests were conducted with the U. S. Army Engineer Waterways Experi-
ment Station single-wheel dynamometer system. Test results indicated that per-
formance of single LRV wheels in terms of pull coefficient, power number, and ef-
ficiency were not influenced by wheel speed and acceleration, travel direction, the

presence of a fender, or wheel load. Of these variables, only load influenced
sink•.ge, which increased with increasing load. For a given slip, the ;r.ll coef-
ficient and power number increased with increasing soil strength. However, for a
given pull coefficient or slope, slip was less in firmer soil; thus, the power
number decreased and efficiency increased with increasing &oil strength.

1KEYWOPDS: Laboratory tests; Lunar roving vehicles; Lunar soils; Slip
tests (Vehicles); Soil-wheel interaction; Wheels; [Boeing-
GM wheels]
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U. S. Army Materiel Cctu-.ndjWashington, D. C.if Ii ASSTRAC?

fi' eld test program was conducted with four tracked vek ides to determine how
strongly the presence of the track affects ride dynamics and to guide in the
development of a mathematical model. The vehicles were tLvwed over an assortment
of obstacles, first with trucks installed and taxen with tracks removed. A direct
compar-,son of dynamic responsii under these .wo conditions indicated that the
influence of the track is strorgly depmendent on velocity, and that Mathematical
models of tracked vehicleý m-st incorporate a track contribution. A Mathematical
model that porttrays essential feat ures of track mechw ics without excessive

detail was developed.

KEYWORDS: Field tests; Mathematical mocels; Obs~tacles; Ride

dynamics; Tracked vehicles
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rAxctorato of fesearch, Developmnt and ftira~r.

Project b=In~ i a study to evaluate the performam. vao iedivitasl standard mi litary trucks
both off and on road In relation to their misais sand ,. cash savings p"aible thrugh~ the elimination
of special military automotive features, such as front-easeel drive, or the use of comerrd.1 vehicles In
anis missions. Such evaluations can only be based upon the moat reliable assasmezats of mobility par-
formance possible. The .JC-71 Ground Mobility Model wsa used to &"*#as the off- and on-road speed par-
formance of a group of military and ecoaercial vehicles and vehicles with trailers or howitzers, tota~lng
1.8 cases of direct interest and 6 reference -nhicles, ranging ftta 1-ton gross vehicle weight to 90-ton
gross combined weight. The terr~ain data used In predicting off-mad performance were Obtained from
transects, or stripe of gruand, about 3 by 52 km located In Ucat Geranya, Thailand, and Arisona, each
representative of different typea of climatic zons and terrain conditions. *.- road data used In pre-
dicting on-road performance were collected fro segmnts of primary, secondary, a&d trail-type roeds;
each segment was approximately 1.00 midles long, both off- and on-road performance was predicted In terms
of speed for all vehicles and vehicle-trailer or -howitcet combinations incluled In tb- study. 0ff-road
speed was predicted for trzrersea made up of five straight lines equally spaced along tte length of the
transects. On-road speed was predicted for the total length sampled in each roa category. Several off-
road terrain traverse speed predictions were made. These included speed made Nvei a comination of aWeal
(patches of homogeneous terrain) and linear (streama and rivers) terrains Identified as V110 , speed over
aweal terrain ('100), and speed over wteal terrain with the worst 10 percent rinoved fron consideration
(V ). On-road speed predictions were made for trails (V), aecondsry roads NO,2)' primary roads (VI).
0 ";in. I trmof percaate of off. and oroad ;X! is the Ursear dtr _ile

apectiel~y, that the vehicles cumid noft traver se is eals iniafted. Remkings at the perfosiee of the
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to Mississippi State University, State U. S. Army Materiel Command
College, Mississippi, as thesis for degree Research, Development and Engineering
of Master of Science, Engineering Mechan- Directorate, Washington, D. C.
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* 3. AbSTRAC T -- -

The purpose of this study was to develop and validate a digital coaputer simulation of
the ride dynamics, including bounce, pitch, and roll, of a general single-hull, solid-
axle vehicle with an arbitrary number of axles. The study also included an effort to
minimize the execution time and thus the cost of the simulation by providing automatic
determination of the optimum numerical integration interval to be used at each point
in the simulation. The numerical integration method used was the Runge-Kutta-Merson
method, which is a fourth-order method. The method requires five derivative eval-
uations per iitegration and provides an estimate of the truncation error that can be
used for autom.'tic interval adjustment. Field tests of a representative vehicle
traversing a single obstacle at three different speeds and a cross-country terrain at
one speed were simulated. Graphs are presented comparing simulated vehicle responses,
with field test data provided by the Waterways Experiment Station. The effects of

integration step-size on simulated vehicle responses are illustrated with graphs com-
paring simulated vehicle responses using several different integration intervals. A
discussion of criteria for automatic management of the integration interval is
presented.

KEYWORDS: Computerized simulation; Flexible wheels; Ride dynamics; Vehicle dynamics
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O Office, Chief of Engineers, U. S. Army
Washingtca, D. C.

I.A•SSYACT"

The Vehicle/Road Compatibility Analysis and Modification Systam (VRCAMi) brings together
the appropriate disciplines pertinent to vehicles, mobility, road geometrics, structures
and maintenance to determine and measure the coapatibility of vehicle and its envi'on-
ment and the resultant product of movement. The system also treats the effects of
constructive or destructive modification of vehicle and/or environment and the reauLant
impact on vehicle movement. The first-generation system, in computer code, serves to
successfully combine all known parameters affecting vehicle movement, thereby taking
total advantage of the state-of-the-art .'n related Jisciplines. Foreseeable and pro-
gramed improvements to the system Imply significant advances in the state-of-the-arts
of road deterioration analysis, vehicle rtliability analysis, vehicle-road optimization
and overall allied material optimization. The VRCAMS tonsists of several subsystems
that respectively treat mobility and ride cynamics, traffic volume, structural charac-
teristics, maintenancf, and vehicle sovemen-.. The parameters in each of the subsystems
are brought together in a comprehensive manter to provide output data pertinent to
vehicles moving on roads. Outputs provided by the VRCAMS include speed of given vehi-
cles on specific road segments, traffic volumes that road segments can sustain at
various levels of service, structural life of a specific road segment subject to knoin
quantities of traffic, maintenance requirements to extend road segment life, and deliv-
ery rate and travel time for vehicles on road segments. Refinements and additions to
the current model will provide for a greater degree of accuracy and for a broader range
of applications such as road and vehicle design optimization, optimum use of roaHs ane
vehicles, and imroved logistical and tactical planning.
KEYWORDS: Mobility models; Road capability models
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U. S. Army Aviation Systems Command
St. Louis, Missouri

13 .821RACT

A brief review is presented of the current state of the art of criteria for determining
the ground-flotation requirements for landing gear of aircraft, particularly fixed-wing
aircraft, and criteria for estimating cross-country performance of military vehicles.
Discussions are also presented of three soil strength parameters: California Bearing
Ratio (CAR), airfield 'ndex (AI), and cone index (CI). Results of tests with three
helicopter tires in prepared and natural soils are presented, and relations are shown
apong soil strength, towed motion resistance of some assumed helicopter configurations,
and uaximum-drawbar-pull capabilities of selected ground vehicles. Also presented is
the distribution of terrain factors mapped in a selected West German transect and the
probability of moving helicopters over the terrain. No single soil strength measuring
system is completely adequate for characterizing soil conditions for the purpose of es-
timating performance of all aircraft and all ground vehicles in all operating situations
The CBR system appears to be adequate for prepared surfaces and unprepared surfaces with
CBR above about 2.5 when estimating the ground-flotation requirements of airc:aft and
relatin& the requirements to the design capabilities of airfields according to estab-
lished criteria. The CI system has been used successfully for characterizing soil
strength for the purpose of estimating performance of ground vehicles on unimproved
terrain. Limited testing reported herein indicates that the CI system can be used
successfully for estimating the soil strength requirements for movement of helicopters
over uniam.roved terrain; therefore, a procedure can be established wherein design re-
quirementu for helicopter l&..ding gear can be made-

!MWDM: Aircraft tires; Ground flotation; Helicopter landing zones; Helicopters;
Soil strength; Soil-vhfel i.teraction
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A mathemttical model bearing on aLspects of reliability and maintenance of grourd vehi-
cles is described in this report. The structure and computational attributes of the
model are ccmplementary to those of the AMC-71 Ground Mobility Model. The princip~al
product of the vehicle reliability model is a probability statement such as the fol-
lowing: "The probability of no failure of an M60 tank having an accumulated mileage
of 1714 miles and a maintenance history of immediate replacement of failures is
714 percent during traversal of 25 miles of terrain having stresses whose cumulative
effect is 35 percent in excess of standard stresses." Statements of this nature are
made for a given vehicle traversing terrain of given attributes. Pertinent data are
obtained directly from AMC-7l. Probability data are required in the form of prob-
ability density functions for the vehicle components obtained under conditions of
reliability stresses previously identified as standard. other outputs are expected
numbers of component and vehicle failures, effective vehicle mean time between fail-
ures, and inherent availability. Problems of data acquisition are discussed. Two
aspects of the model are speculative in that direct data sources are not presently

* available: (a) specification of and testing at conditions of terrain regarded as
impartin~g standard stresses to reliability and (b) characterizing changes in reli-
ability due to departures of stresses from their standard values. Several examples
are presented, inclild~ing one that uses data gathered during an intensive reliability
demonstration proj.....i for the XQ(705 vehicles.
KEYWORDS: Maintenance; Mathematical models; Military vehicles;

Mobility models; Reliability
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A•STRACT

STests were conducted to evaluate the mobility performance of a second-generation Elastic Loop Mobility

System (ELMS II) developed by Lockheed Missiles and Space Company for the Nstional Aeronautics and Space

Administration (NASA). Performance on level test lanes and slopes of lunar soil simulant (LSS) and

ebstacle-surmounting and crevasse-crossing capabilities were investigated. In addition, internal losses

and contact pressure distributions were evaluated. To evaluate the soft-soil performance, two basic soil

conditions were tested: loose (LSSI) and dense (.$55). These conditions embrace the spectrum of soil

strengths tested during recent studies for NASA related to the mobility performance of the LRV. Data

indicated that for the tested range of the various performance parameters, performance was independent

of unit load (contact pressure) and ELMS II drum angular velocity, but was influen'ed by scil &trengrh

* and ELMS pitch mode. Power requirements were smaller at a given system output for dense soil than for

loose soil. The total system output in terms of pull developed or slope-climbing capability was la"ger

for the ELMS II operating in restrained-pit.i mode than in free-pitch mode. The angle of the maximim

slope that the ELMS Ii climbed in free-pitch mode on dense soil was 35 deg; on the same soil, but w.th

the system operating in restrained-pitch mode, the angle of the maximum climbable skope was 34 deg. and

on lo, ,e soil, it was 27 deg. The smaller maximum slope angles for restrained-pitch mode resulted from

load being transferred from the ELMS II to the trailer, which was used during the slope tests to stabi-

I lize the single unit. If tiis load transfer can be overcome, for example by replacing the trailer with

a second powered unit, this Lwo-unit ELMS should be able to climb slopes with angles up to 38 deg on

dense soil and up to about 35 deg on loose soil. The slope-climbing capability can be estimated from

results of tests conducted on level ground. The maximum rigid-step obstacle surmounted was 46 co high.

.nd the maximum crevasse crossed was 100 cm wide. It can be assumed from the ELMS performance during

these tests that obstacles and crevasses with larger dimensions could be negotiated if the trailer were

replaced by a Lecond powered ELMS II unit with a vitch-control system in the linkage between the units.

Intern2l losses were smaller than those of the first-generation ELMS for torques up to about 60 percent
of the total dvailable torque; for higher torques, the reverse was the case. The contact pressure dis-

tribution along the longitudinal axis of the loop showed maximum contact pressure occurring toward the

middle of the loop, whereas the transverse cross-sectional distribution shoved pressure concentrations

at the loop edges. The ELMS II showved an overall superior performance as compared with that of the

first-generation ELMS and the wheels used on the U. S. Lunar Roving Vehicles.

KEYWORID: kLastic loop mobility system; Lunar roving vehicles; Luna
soils; Mobility; Wheels
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20. ABSMCT (Continued)

with poor traction due to weak soils or slippery surfaces are not li-.,ted to
rigid or pneumatic-tired wheels, but also affect powered track wheels with

grousers. Two approaches have been followed in attempting to solve the soil-
wheel interaction problem: an analytical approach based in the elastic solu-
tion of a plane strain problem, and an experimental approach based on the
relationship bet'ees the shear and normal streese3 that y occur within the
vicinity of or at the interface of the soil and ',he wheel of a moving vehicle.
The analytical solution is based on the assumption that the stresses within
the soil are the results of the tangential. and radial stresses created by a
wheel partially embedded in soil -4th an impending rotation. The Airy stress
function was used in representine the stresses -within the soil in terms of
analytic functions. The Schwarz-Christoffel equation was used to transform
the geometry and the boundary condition of the region beneath the wheel and
to match them vich the stress functions. The Cauchy integral equation was
applied on the transformed boundary conditions to obtain the shear and normal
stress at any point within the region of the soil-wheel system. A computer
program for reducing the results and Jbtaining numerical values of the
stresses at any point within the vicinity of the wheel was also written. It
is believed that the analytical solution developed will permit the evaluation
of stresses within the soil beneath a wheel that result from various combina-
tions of radial and tangential stresses. The experimental investigation was
designed to investigate the shear stresses and traction forces that may exist
Petween a model rigid wheel or tire wheel and the supportirg soil. CH mate-
rial (Vicksburg buckshot clay) was compacted, and tested in an annular torsion
sh:.ar machine. Four types of specimens were tested ia this study: the f 4 -.st
se-ies of tests consisted of shearing homogeneous soil specimens; in the
second series, the soil was sheared against smooth rubber; in the third
series, the soil was sheared against polished stainless steel; and in the
fourth series, a nonhomogeneous soil specimen, with upper and lover halves
having different water contents, was sheared. The initial normal stresses
used in the test program were 5, 15, and 30 psi, and all specimens were
sheared under constant-vol'ime conditions at rates of shear defcrmati,.-s a,
0.002, 0.2, and 2.0 in./win. Test results showed that nonhomoge,.-as soil
specimens with upper and lover halves having water contents of 26 ard
16 percent, respectively, were stronger than homogenous soil specimens with a
uniform water content of 26 percent and that the strengths of both types of
soil specimeas were higher than those at the interface of smooth rubber or
polished stainless steel and soil. Test results showed that the strength of
nonhonogeneous soil specimens was higher than that of homogeneous soil speci-
mens with uniform water content, and the strengths of both types of soil
specimens were higher than those at the interfar. of amoota rubber or pol-
ished stainless steel on soil. The results also shoved that the shear resis-
tance developed between soil and rubber is mich higher .,An that developed
between soil and polished steel. The shear stress at fa. lure for all test
series showed an increase with increasing initial normal sat-ess and increas-
ing rate of shear deformation. The shear stresses at the int.erfaces of
smooth rubber and soil and also of polished steel and soil dropped sharply
vwhn the plane of contact was covered "•dth a film of water. The peak shear
stress obtained from each test series •es plotted a a function of the cor-

responding normal smres in order to facilitate Its use in analytical
solutione.
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Laboratory single-wheel tests were conducted w:th a 2.50-4 t:re on uniform fine
grained soil and on two conditions of thick-layered, fine-grained soils: con-
dition I in which a soft layer was pla,!ed over a firm layer, and condition II
in which a firm layer was placed over a soft one. In both cases, the smallest
ratio of layer thicknens to tire width tested was 0.33. The resu'lts of the
baseline tests on uniform soil snowed that the WES numeric prediction system,
which had not hitherto been used for such a small tire, (Conti'nued)
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will predict the perfrrmance of the small tire as accurately as it predicts
the performance of a large tire. The system also can be used in predictions
for layered-soil systems, if the soil strength of the top layer is used in the

numeric and as long as the lover layer is relatively strong in relation to
tire loading. When the soft upper layer becomes thin, the primary phenomenon
is lubrication of the firm lover layer by the soft upper layer, and a different
mechanism is involved. When a relatively thick soft layer overlies a bard one,

the change in pull performance increases as tire deflection is decreased fo. a
given top-layer thickness and wheel load. As ve.'eb of the clay mobili'v
number increase, the critical thickness of the top soil layer decreases Lad the
chamie in pull performance decreases. Torque performance does not change with

the ratio of top-layer thickness to tire section vidth. When a bard layer
overlies a soft one, pull and torque performance show slight tendencies to
decrease with thickness of the top layer. Torque requirements increase when
the tire breaks through the hard layer into the underlying soft layer. Gen-
erally, it is suggested that efforts be directed toward investigations of thin-
layered soil systems instead of pursuing further the problem of thick-layered
soil systems.
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I) ASSIUlACT

is study vas perforr�ed as an outgroir�A ot the interest expre�-..d by the British
.iar Office in the cpp�rcnt progress rude by the United States in identifying sails
from aerial pho.o�raphy. It was a joint undertaking performed by personnel fro:o

rdue University and lIES. �%ro seperate tests were perfore�d: one, sirmiltting
'�ergcncy operation ;onditions, was coikldted in a 72-hour period; the other, �i-ra-
sting routine int�l1i�ence production, uas cor'iplctcd Ii .thin a six-week p .

follo�1ng rin:shed products were fur:iished: (1) necessary explanatory tcxt and
egends; (2) en overlay sho�ring eross-count�y rnove:.�ent conditions based on evaluetie
f soils, relief, vegetation, obstacles, end scasonel variations; (3) an overlay
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overa&e and indication of quallAy of photography; and (5) a statc�rent giving the
eei� coaposition and n�aber of man-hou' required f�r the production and rcp:cduc-f :ion st�gcs of the teat results.
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I3. ABSTRACT

The U. S. Forest Service, in cooperation lfith the .atervays Experiment Station,
devclopad iethods of predicting soil moisture in the VichsburG Area. To develop
methods for other soil types under a variety of clim.-.tic conditions, extension
studies m-rce established. This report contains the results of the Fairbanks,
Alasa, extension study. Cliratic, soil-.oi.ture, and perr-wfrost records ucre
obtained for the period May throuh Scpten. .r 1951. Field and office procedures
used wz.re sli.lar to those p:-cviously reported in Teýchnical J.b..iorandun :1!'. 3-331,
Peport V0o. 3.

KEYWORDS: Climatological data; Soil data; Soil moisture prediction; cabarctic

regions; Trafficability prediction; [Alaskal

-D '",. 1 .7 .Tnc!,ey'd1fted

Sri.tity CI'.a.ification

218



I Unclassified

Security Classification .. . .. .. M
Unclase -DOCUM.ENT CO;TPOL DATA- R&D

(U¢euflly cteial/wIsI,@O ft 4i1e., body eo obSlacr a •. ind*.tMg ... ,.IiJen mueIr 6. em.fted *on O *me.et# mt ert is I. ¢ ,.,oa0il

I. ORIGINATING AýTIVITY (Ce-*(e .. ho,) I*. RCPoQT ICURI TV C LA$SIOICP •$iON

U. S. Army Engineer 11ater-.ays Experiment Station Unclassified
Vicksburg, hiss. lb. eou.

3. REPORT TITLE

VEH.ICLE NO:CILtTY 036 SOFT SOILS

rDoECRIPTIV NOTES (Tryp c of S0 ROWy @Anch.sMvt. 4•& /es)

Final repor~t
1- AUT840.0) (L~l eie', bni- rem~, initial)

Foster, C. R.
Knight, S J.

6. RIEPORT DATEr 70i. 1OTAL MCI OP P&Gf6 040k N. ofr newrs

January 1956110
Be1. ¢CO!•TRACT• OA GRIANT No. Se.11 aftletNATOR-S AtrpoIT 6--jdleam'I)

PotoecTNo.B-7-05001Miscellaneous Paper N~O. 4-147

.Project Title: Traffiicability of roS. *T,•- Pot,•. ,o,.oS) (Any,...,*Me* ... ,. 4*1mayb ,..ipo

Soils as Related to the IUobility of AD 841 34 4

i0. AVAILABILITY/LIMITATION NOTICES

Approved for public release; di3tribution unlimited.

St. SUPPLEMENTARY NOTES 112. SPONSORING MILITARY ACTIVITY

Published in The Military &nSineer, Chief of Engineers, DA
Vol.49, No.328, pp.92-94, March-April Washington, D. C. 20315
1957.

13. ABSTRACT

The engineering sciences of aerodynamics and hydrodynamics have served aircraft
design and ship design well. A comparable basis for the design of land-borne
vehicles must be evolved. Hope lies in soil mechanics; but in the past this has
been concerned with stability and elasticity problems primarily in connection with
static loads. While the research so far will serve as an excellent foundation,
a new perspective--treating of dynamic loads on materials in a pla-tic state--
must be evolved. This paper discusses research being conducted at the Waterways
Experiment Station along these new lines.
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13. ABSTRACT

The ability of a soil to support the mcvement of a military vehicle--its traffic-
ability--can be quantified in terms of rating cone inde-., a parameter that
recognizes not only the strength of a soil in situ but also the strength it will
attain under a moving veLicle. The principal influence on the rating cone index
of a soil, especially a fine-gi .ained soil, is the amount of water it contains.
.ater.:ays Experiment Station studies have shown that in a humid climate the top

12 in. or so of a giver. fine-grained soil attains a certain maximum soil moisture
early in the wet season and maintatns this moisture with very little deviation

throughout thir season. The field maximum offers a practical moisture" datum

for evaluating the trafficability of various soils. In this report, the distri-
bution of the rating cone index values measured in the 6- to 12-in. layer at

681 sites is su-merized. A frequency curve of these date can be used to ascertain
the percentage of areas tested that "-ed rating cone indexes below a certain valuc.

By spotting the rating cone inde" requirenent for a given vehicle, the curve also
moy be used to determine the percentage of area trafficable by the vehicle.
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IS. ASSTRACT
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application in the solution of transportation problems facing contractors,
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IS. ABSTRACT

The polecat, an articulated vehicle, was compared with the weasel in several
tests on snow ranging from 1-1/2 to 4 ft deep. Results showed that the polecat
created slightly deeper ruts, but snow strength and density in the ruts were
about the same for both vehicles. The depth to which stresses were induced
below the rut surface was slightly less for the polecat. The polecat exerted
more drawbar pull in towing and required less when being towed. The polecat
exerted more drawbar pull in to.rcn and requires less wi.,n being towed., The
polecat exc-lled in comfort and maneuverability. Additional tests in highly
remoldable soils are recommended.
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13. ANiSTRACT

To obtain an approximate measure of the gross effects of various natural influ-
ences on the strength of a soil, its strength under natural conditions was
compared to its strength under similar laboratory conditions of moisture content
and density. The test area was located on a lake shore where the soil was very
uniform in type and decreased in moisture content with distance from the lake,
giving a wide range of moisture and strength conditions. The soil, a heavy clay,
was tested for moisture, density, and cone index in its natural state and in the
laboratory, and for remolding index In the field. Principal conclusions were
that (a) the cone index of a given sample at a given moisture content and density
varies with the structure and compaction history of tle sample, and (b) compaction
effort, difference in water-holding capacity of the soil in situ and after labo-
ratory treatment, and surcharge are the principal factors affecting laboratory
density-strength-moisture content relationships.
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12.* AtPSTRACT

This report presents soil and meteorological data collected during the surfrer
months (June, July, and August) of 1955 at the Arctic weather stations located
at Alert and Mould Bay, and during June-September 1954, 1955, and 1956 at Eureka.
At each weather station, three test sites were established--one at a low elevation
one at an interzvediate elevation, and one at a high elevation. Cone index,
moisture content, density, depth to permafrost, and meteorological data were
recorded. The data were ncot sufficient to determine relations between soil
moisture and meteorological parameters, but did permit an approximate evaluation
of tr.fficability conditions at the three sites during the summer season.
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IS. ABSTRACT

A limited test program was conducted to compare the performances of the M135 and
M211 2-1/2-ton military cargo truck; while! operating with and without snap-tracs

on a silty, wet soil. The vehicles gave limited performance while operating

without the traction device, but greatly improved performance when they were

equipped with snap-tracs: It was concluded that the use of snap-tracs did not

improve their traction characteristics in an extremely wet, soft, slippery soil.

However. it was not possible to determine positively whether the C-shaped members
Sor the snap-tracs "open" and act like grousers under the wheel. Additional tests

are recommended to compare the performance of the ummodified snap-tracs with the

performance of snap-tracs with the C-shaped member locked in place and with the
C-shaped member removed.
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I). ABSTRACT

A brief study was made to determine the effect of mold size on cone index. Three
fine-grained soils (two silts and one heavy clay), with cone indexes ranging from
20 to 250, were tested in molds ranging from 1.9 to 15.5 in. in d: .neter. The
variables, other than mold size, were maintained as near constant as practicable
and did not significantly affect the cone index values recc-ded. Results shoved
that for a given soil at a given moisture content and density, d-creasing the
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reached; use of molds below this mnirnur size resilted in considerably higher
cone Index values than would have been determined on the sane soil in larger
molds. An average curve of minim".:, mold diaireter versus cone index was established
Use of mold sizes equal to or above this curve should produce cor.e Indixes that
are relatively free of the confining effects of the mold. It is recommended that
this average curve be used as a guide in the selection of minimum mold diameters
for laboratory investigations of the strength of fine-grained soils.
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IS. ABSTRACT

As p•rt of a sudy to develop means of cstinmting the ability of soils to pernit
vehicular traffic, a method was developLc for predicting the noistare content of
soils. This paper sumanlrizes th: relations foudr. necessary for ti-e prediction
of moisture in the surface foot of soil and discusses the accuracy with which
these predictions heve 'ice- made.
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! •13 ABSTRACT

The Jurgenb,%n squeeze test was studied to evaluate the possibility of using it
as An aid in understanding the strength-deformation properties of soils in
ve-hlcle-nobil. y research. The squeeze test was easy to perform and did not re-
quire expensive equipment. Its results correlated well with the results of the
other strength tests including cone penetrometer measurements. Results of this
study support the theory that the squeeze test determines the average strength
of the soil, whereas the triaxial test measures the strength along the weakest

* plane. The squeeze test is considered suitable for initial inclusion in labora-
tory vehicle-nobility research programs.
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13. ABSSTRACT

Four sites in the Canal Zone were studied to determine whether the techniques
used to develup a soil moisture prediction system for temperatc-climnate soils
could be successfully applied to tropical-cli'mate soils. Soil moisture and
strength data were collected ..eekly at the sites, and climatological data daily,
for 18 months. Actual soil-moisture contents on the starting date were used to
start the predictions. Comparison of prediczed and measured soil moistures
Indicate that: (a) the techniques used to develop a soil-n~oisture prediction
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bility of the region during the wet season ,.ere: (a) upland soils are generally
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13. ABSTRACT

The soil-moisture prediction method previously found applicable to U. S. sites was
found applicable also to 8 Puerto Rico prediction development sites. Predictions
based on data collected at these 9 sites were reasonably accurate when applied to
22 cther sites in Puerto Rico; predictions based on U. S.-derived data were some-
what less accurate, principally becaasa soil-moisture depletion rates in Puerto
Rico are considerably different from those in the U. S. It was found that
(a) Puerto Rico soils do not lose moisture as fast as U. S. soils, and the rate
of loss seems to be unaffected by season; and (b) the average rate of daily
moisture depletion in the surface to 12-in. layer of Puerto Rico soils is about
1/2 the average su.mer rate and about equal to the spring-autumn rate in humid
climates of the U. S. Soil-moisture content correlated fairly well with both cone
index and rating cone index but poorly with remolding index.* I
KEYWORDS: Soil moisture prediction; Trafficability prediction; Tropical regions;
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13 ABSTRACT

Soil trafficabiliity studies hav.e show:n that the strength of a soil is of major
"Importance tu vehicle mility and varies principally with soil moisture;
therefore, a means of predicting moisture content of a soil is essential to the
forecasting of soil trafficability. The U. S. Army Engineer W.aterways Experiment
Station soil-moisture prediction method for U. '1. soils was applied to sites lo-
cated in the Panama Canal Zone to detern.mir, .hether the method was applicable for
the prediction of moisture content. of tropical soils. Factors necessary for the
predictions were obtained at specific sites, and analysis of data shows that the
method is applicable to Panama solls. Groundwater did not have an appreciable
influence on soil-moisture dcpletion since drainage from the 0- to 12-in. layer
was rapid. An analysis of strengLh data showed a highly significant relation be-
tween moisture content 9nd cone index, and e le.,ser degrec of significance between
moisture content and rating cone index. No relation was found between moisture
content and remolding ind.Žx. On the basis of rating cone index, the trafficabilit3
of the residual soils was considered good. Trafficability of the alluvial marsh-
land soils was considered good du-ing the dry season and poor- during the wet
s-,ason.

KEYWORDS: Soil-moisture prediction; Trafficability prediction; Tropical regions;
[Panama Canal Zone]
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* I .a. AGSTA..CY

The U. S. Army Engineer Waterways Experiment Station. (WES) soil-moisture pre-
diction method for United States soils was applied tc sid'es in Colombia to determine
whether the method was applicable for the prediction of m'oisture content of tropical

soils.
Data were collected at four predicrion development sites in the subhumid climate

of the "Sabana de Bogota" located in tha. Andean Mountain ranges of Colombia. Changes
in soil-moisture cortent, soil density, and soil strength with changes in weather
conditions were investigated perlodLcally for one year.

These data were analyzed and used to predict daily soil-moisture content and to
establish the relation between still m.,lture content and soil strength. The results
show that the WES soil-mois'ure prediction method is applicable to prediction of soil-
moisture content at the four sites in Colehia. Data were of sufficiftnt quantity to
establish soil-moisture depletion cur ,es for each site but not of sufficient quantity
to establish accretion relations. Relation% were established between soil-moisture
content and soil strergth at all sites. T'afficability of the soils tested, as
indicated by rating cone index, was good even when the soils were at maximum
moisture content.

Basic ddta and photographs for each test site are included as Appendix A.

KEYWORDS: Soil moisture prediction; Trafficability prediction; Trovical
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IS. AEDSTMACT

Soil trafficability studies have shown that the strength of a soil is of major impor-
tance to vehicle mobility and varies principally with soil moisture; therefore, a
means of predicting moistire content of a soil is essential to the forecasting of
soil trafficability. The U. S. Army Engineer Waterways Experiment Station (WES)
soil-moisture predic.Jrn method for United States soils w4s applied io sites in Costa
Rica to determine whether the method was applicable for the predition of moisture con-

tent of tropical soils. Data necessary for the predictions were collected on five
sites in the Premontane wet climate of the Reventaz6n Valley at Turrialba, Costa

Rica. Changes in soil moisture content, density, strength, and remolding strength wit

changes in weather conditions were investigated at regular intervals for 25 months.
These data were analyzed and usec to predict soil-moisture content and to establish
the relation between moisture content and soil strength. The 'analysis shows that
the WES method is applicable to prediction of soil-moisture content at the five sites
in Costa Rica. Groundwater did not have an appreciable influence on soil moisture
deple•ion since drainage from the 0- to 12-in. (0- to 30.5-cm) soil layer was related
directly to rainfall. Topography was shown to influence soil-moisture content to
some degree. Analys~s of strength data showed a highly significant relation between
soil strength and moisture content. On the basis of rating cone index, the traffic-
ability of the soils was considered poor during the wet season and good during the
latter part of the dry season. Basic data and photographs for each test site are
included as Appendix A.
KEYWORDS: Soil moisture prediction; Trafficability prediction; Tropical regions;
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The soil moisture prediction method for soils in the U. S. was previously applied to

ei.h• sites in Puerto Rico and was found applicable to those soils. The study reported
herein was to"determine whether the prediction method was applicable, without majormodifications, to other sites in Puerto Rico. Factors necessary for the predictionswere obtained at specific sites, and analysis of data shows fLat the method is appli-.

cable to Puerto Rican soils; however, it was necessary to modify the method when thegroundwater table was within the surface foot f 'r prolonged periods. Groundwater didnot have an appreciable influence on soil moisture depl.~tion when the water tableoccurred within the surface foot for a short period, since drainage from this la:'er wasrapid. At sites where water tables existed within the surface foot for prclon•'eperiods, the derived depletion curves were 3ot applicable. An analysis of strengthdata showed a highly significant relation between moisture content and cone index, and

lesser degree of significance between moisture content and rating cone indsx. Only 3of 29 test sites showed any relation between moisture content and remolding index. Onthe basis of rating cone index, it appears that sites within the playas and alluvialplains of Puerto Rico may present trafficability problems throughout the year. Otherareas with goou drainage and seasonal rainfall may not be trafficahility p'oblem areasexcept during the extremely wet period. Basic data and photqgraphs for each test siteare included as Appendix A.
KEYWORDS: Soil moisture prediction; Trafficability prediction; Tropical regious;

U. . rmyMaeuriel Commeandca

s6Puerto Rico a

herin• wa odtriewehrth rdcinmto a apialwtotm.

moifcains t thr iesinPero io.Fatrsneesay o te2rditin



Unclassified
secuntt, Classdifcation MEI

DOCUMAENT CONTROL DATA.-R

U.S ryEgne aewy Experiment Stat ion Unclassb" f
TRAFFICABILITY PREDICTIONS IN TROPICAL SOILS; Report 7, HAWAII STUJDY

4. ORBCIRIPTIVYC NOYGS (2rpe. of putt .. d be*..iuev done.)

Report 7 of a seriesI
a. AilThORIS) (Fuel Ase. Wallis initial. Se*atme

C. A. Carlson
W. P. Boanert, Jr.
M. P. Meyer

6- ILOATOAU & TOTAL NO. OP PAGMS 746 "O. or steps

November 2.970 113 9
WS CONTRACXIT oft GNAWl too. 00. RI*NATOWS SEP*OtT 001114111010

6. PROJECT No. 1T621o3AO46 (Task 02) Miscellaneous Paper No. I4-355, Report 7
and 1T062109A131

C. ga. OTHR RPORT NOfSE (Anr .*Cnseambm Owe doo be mW

* _ _ ___A__ _ _ AD 877 577
* IL. DISTRIONTON STATEMENST

* Approved ior i~ublic release; distribution unlimited.

*I%- SUPP-LEMENTARY N*TES Is- SPONSORNGtA MILITARY ACTIVITY

IU. S. Army Materiel Cosusand

]Washington, D. C.

Soil trafficability studies have shown that the strength of a soil is of major impor-
tance to vehicle mobility and that strength varies principally with soil mois'.ure;
therefore, a means of predicting moisture content of a soil and knowledge of the rela-
tion between soil moisture and strength are essential to the forecasting of soil traf-
ficability. The U. S. Army Engineer Waterways Experiment Station soil-moisture predic-
tion method was applied to sites in Hawaii to determine whether the method was valid
for the prediction of moisture content of these tropical soils. Data were coilected
from January 1960 to .june 1961 at 314 sites, on three Hawaiian islands, representing
the major soils, weath~er regimes, terrains, and land uses in Hawaii. The datta from 11
sites were analyzed and used to predict daily soil moisture contents, and data from all
sites were used to determine the relations between moisture content and soil strength.
The moisture prediction method was found valid. Relations were found between z=oisture
content and strength, but at many sites they were poor due to the variability of the
soil. In terms of rating cone index, the trafficability of the upland allophane clays
was poor throughout the year. Trafficability was periodically poor following high
rainfalls on an upland soil with a perched water table and on soils from alluvium in

th~e lowlands. Other upland soils lhad good trafficability throughouit the year. BasicI data are included as Appendix A.

KEYWORDS: Soil moisture prediction; Traff'icabillty prediction; Tropic
regions; [Hawaii]
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S. A*$TRACT

A U. S. Army Engineer Waterways Experiment Station (WES) soil moisture prediction method
was modified to pezmit predictions to be made with a limited amount of information from
a site. Using this method of prediction and precipitation records from weather stations,
a system of mapping soil moisture contents throughout Costa Rica is presented. Using
these maps, soil moisture contents can be determined for any site with knowledge of
only the field-minimum and field-maximum moisture contents of the soil. Soil moisture
predictions made for 65 Costa Rica sites using the modified method compare favorably
with predictions made in the United States using the WES soil moisture prediction
method. Soil strengths, in terms of cone index, were predicted using a general Costa
Rica soil moisture-soil strength relation and using spe.ific site relations derived by
simple linear regression and reduced major axis regression techniques. When predic-
tions with the general Costa Rica relation were compared with measured cone indexes
they fell far short of the accuracy of the predictions using the other two prediction
techniques. Therefore, this simplified method was abandoned ab a reliable prediction
method, and predictions of cone index and rating cone index using only the simple
linear regression relations are presented.
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13. ABSTRACT

This paper presents an account of the preliminary research into the area of soil
mechanics dealing with vehicle-soil relations conducted by the Army Mobility
Research Branch of the Waterways Experiment Station, and describes the test
procedures used and the results obtained.
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1S. ABSTRACT

A portion of the unsurfaced runways of Rogers Dry Lake, Edwards Air Force Base,
California, was subjected to traffic applied with a test load cart having a gross
weight of 280,bOO lb and carried on a twin-twin gear assembly. Tire inflation pressures
ranged between 2.75 and 325 psi. The primary objectives of traffic were to determine
(a) whether the soil strength of the lake bed was adequate to support a load of this
magnitude, and (b) the effect of load repetition on the load-carrying capacity of the
soil. It was also desired to determine the aate of pressure build-up that might be
expected in tires inflated with air only and towed over a prescribed route. The
traffic resulted in some settlement of the soil and also the displacement of a friable
crust of varied thickness in some c.- the areas tested.
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13 AOSTrACT

This limited lhboratory study was made to determ-:ine %ihether a method for quick-
freezing and extracting soil sar-ples provided rore accurate determination of
moisture content than did mechanical sp-.plers, p.rticularly for very wet soils.
The quick-frec:i'n -.s aconplishec] with liquid nitrogen poured into a hollow
pr-), inserted jr. the soil. In tests on soils ,-,'ose ,q.oisturc contents ranged
to v'ell above the liquid ]imit, it was deterr.-ired that accuracy vith the quick-
freeze method was almost as good as with the necha'nical samplers. This conclu-
sion was based mainly on reproducivility of results. The liquid nitrogen probe
was used over a range of soil-moisture contents, t'e sanpling of vhich normally
requires uise of three types of mechanical szrnplers.
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Soil samplers
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1S. AUSTRtACT

Trafficability tests were conducted to investipate performance in soft muck and
clean sand of the Junbo, a 5-ton lixI truck fabricated from cowep-etially available
compottents and equipped with large (18 .00-.26)tires. In muck, the Jumbo could
complete 4.0 to 50 passes on areas with a rating cone index of 56, several points
lower than cone indexes required for wheeled military vehicles of approximately
the same weight. In sand, the Jumabo easily climbed grades that-could not have
been negotiated by an 14135 2-1/2-ton Wx cargo truck at the same tire pressures.
The limited test program indicated the Jttmbo to be a better soft-ground-crossing
-vehicle than standard military vehicles of approximately the same weight..
Additional testing, particularly in soft mineral soils and soft snow, 'a afeeded
to evaluate the vehicle fully. The computations for determining the veh;icle
cone ir~dex of' the Jwabo truck for operation In fine-grained soils are imcliided
as Appendix A.
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The Airoll represents a new concept of locomotion. Its propulsion system comprise
fr'ee-rolline, low-pressure, pneumatic tires mounted on endless chains rotating
about driving sprockets and return idlers. It can move with two different and
distinct types of action of the tires on the groend--rolling-wheel track and
stationary-wheel track actions. Self-propelled, towing, and towed tests were
conducted on a range of soils to determine the Airoll's performance undo., off-road
conditions. Results indicate that (a) it can travel on soft muck and V'et fine-
grained soils neeotiable by no known military vehicle of equal weight; (b) its
slope-climblng ability in clean sand compares with that of tracked vehicles;
(c) its towing ability on firm soil is less than that of tracked vehicles; (d) the
force required to taw it compares with that required for tracked vehicles; and
(e) its rolling-wheel and stationary-wheel track features give it greater travel
efficiency on most soils than tracked vehicles. Appendix A describes the Airoll
suspension system; Appendix B gives the computations of its vehicle cone indexes.
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13 ABST RACT

Instruwents and techniques developed by the U. S. Army Corp, of Engineers for the
direct measuremen" and remote estim.tion of the traff).cability of fine-grained
soils and prediction of performance of military vehicles are swrNsarized in this
paper. A simple, empiricol measure of soil strength, called rating cone index,
adequately describes the trafficabil.ty of a fine-grained soil and serves as the
basis for confident prcdiction of military vehicle p-rformance in terms of single
or multiple passage across a cevel nrea, dravb:.r pull available fof toluing loads
or climbing slopes, and forces required to to,. nonself-propelled vehicles.
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IS. AbIST•ACT

A study was made of pertinent soil trafficabi]itj data collected during the wet
season at more than 1300 sites located principally in huwid-temperste regions
of the United States. Te soils wcre*identifi, d according to the Unified Soil
Classification System ana U. S. Departrient of Agriculture textural classification
system, topographic position, and two generrl levels of wetness. A scheme for
classifying soils according to their trafficability was developed. nen% scheme
lists the soil ty'pes in order of decreasinG strcngth under each of four
topography-general wetness level categories, and showis the pr6obobility of success-
ful passage on each soil for vehicles with known soil strength requirements.
This scheme permits the estimation of the probability of a successful operation
under given soil type, topography, and general wetness level conditions.. Given
the choice of several routes and vehicles, the determination can be made of the
vehicles with the best chances of success over a given route or which route is
best for given vehicles.
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IS. ABSTRACT

Tests to determine the behavior of sand under pneumatic tires are being conducted
in a special facility of the Army Nobility Research Branch of the Waterways Ex-
periment Station. The operation of a dynamometer c irriage-soil bin system pro-
vides a continuous record of the performance of r cire or track for slip values
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exert an influence on performance, their effects are reflected in sinkage. The
test data show that the total traction force developed by the test tires is ap-
proximately 0.39 times the tire load. These results are supported by an analysis
of the forces acting on the wheel. Problems yet to be solved are outlined briefly.
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The principal elements of landscapq that affect the capability of vehicles totravel cross country are topography, surface composition and consistency, vegetative

cover, and hydrography. These elements combined in various ways tend to deny and
slow movement, decrease efficiency, increase maintenance, increase driver fatigue,
and control direction. This paper presents a few techniques which have been developed
to classify and map terrain elements in objective and fairly quantitative terms.
Techniques of this type may eventually permit valid evaluations of trafficability and
mobility characteristics of specific areas.
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S3 ABSTRACT

In this paper, the trafficability of muskeg is discussed in some detail and

compared with that of other soft terrains, namely, muck, lacustrine, deltaic,
and tidal land forms. Trafficability is compared on the basis of the respec-
tive strength profiles in the various soils and, where appropriate, on the
basis of rating cone index. Other trafficability factors, such as slope, sticki-
ness, and sliperiness, are discussed where applicable. The final assessment
of the trafficability of soft terrain is made on the basis of the vehicles that
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13. A8STRACT

Results are summarized of tests of moisture content, density, and strengt" of
surface soils at several hundred sites in humid-climate areas of the Unit
States. A first-order approximation of values of these properties on the basis
of soil texture is indicated by a graphic analysis.
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IS. ABSTRACT

This paper presents the results of a study conducted to determine what effect

certain methods of handling soil samples before they are compacted and tested
would have on Moisture-density-cone index relation~s, if the compaction technique
was kept constant. Four techniques if soil preparation, identified as re-use,
Blakeslee mixing, Bonnot mixing, and air-dried, were used on three soils--a low-
plasticity soil, a medium-plasticity soil, and a high-plasticity soil. Density-
moisture content and cone index-moisture content curves were developed f~or moisture
contents higher than optimum using the different soil-preparation techniques.
These curves were compared with reference curves developed using preparation tech-
niques normally used in trafficability studies. Since the density-cone index-
moisture relations that resulted from the different preparations of the soils ofter
differed significantly from the reference relations, it was recoamended that the
laboratory techniques currently used (i.e. those used in determining the reference
relaticns) be continued in trafficability studies and that additional comparisons
of field and laboratory relations be made, where feasible, with a view toward
eventual development of criteria for extrapolating rating cone index-mioisture
content curves from laboratory cone index-moisture content curves.*
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MI. ABSTRACT

This study provides a technique for portraying trafficability, developed by the
Trafficability Section, WES. The method depends primarily on agricultural soils
data (soil series and type) readily available in published form. The analysis
is limited to general topography, soils, and vegetation in an area comprising
Alabama and Georgia. The basic soil information is interpreted in terms of eight
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1). ABSTRACT

The Army's need to predict the performance of military vehicles in a wide range
of soil and snow conditions has been met by the results of an empirical test
program. Sciland snow conditions were quantitatively indicated in terms of the
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snow conditions. On the basis of statistical evidence, vehicle performance and
cone index have been correlated. The results of the Army study may possibly be
applied to the solution of agricultural problems involving the interrelations
of trictors and soils.

KEYWORDS: Cone penetrometers; Trafficability teat instruments

DD 1.'40" ' 1473 Unc... ..... .

Sec,,r. ty C:,..;:f-cation

256



sertrm ty LIm-miti{''ern M

"DOCUMENT CONTITOL DATA - R&D
(Secusll clyeasiflcation ofleN. body ot abat.Ci end imd*-nC eannott,an ... 1 6. pnlered hfen the e... eIlt eponI Is claslified)

1. ORIGINATIN G ACTIVITY (CorpOtale *uthor,) 2a RCPOIRT SECUITY V .LAZSIFICATION

U. S. Army Engineer Waterways Experiment Station -Unclassified
Vicksburg, Hiss. 76 GROUP

3. nEPORT TITLE

STRESSES IN YIELDING SOILS UNDER MOVING WHEELS AND TRACKS

4. DESCRIPTIVE NOIES (Type of mepotl end Inctu.iV d.teS)

Final renort_
S. AUTIHOR(S) (Lest n.e.. 11,ti name. WHItial)

Freitag, D. R.
Knight, S. J.

4. REPORT DATE 70. TOTAL NO Or PAGC•.$ l Tb. NO. OF REPS

J~cemhr 1961 29 0
W. CONTRACT OR GRANT NO 9S. ORIGINATOR-S REPORT NUMVIIR(S)

6 PROJECT Uo. 8S70-05-001, Hiscellaneous Paper No. 4-463
Trafficability and Nobility Research

e.Subproject -03, Mobility Fundamentals 96 OTHER REPOrT NO(s) (A.n.y.Ioternbe, , A *et maybe.el101*d

and flodel Studies
d.I

I0 AVAIL ABILITY/LIMITATION NOTICES

Approved for public release; distribution unlimited.

NSUPP EaETARY NOTFS 1. SPONSORING MILITARY ACTIVITY
esente• at Annual Meeting of Highway

Research Board, Washington, D. C., Chief of Engineers, DA

January 1962; published in HRB Bulletin Washington, D. C. 20315
342.
I1. ABSTRACT

The status of the stress measurement program at the Waterways Experiment Staticn
is presented In this paper. It describes the equipment and techniques employed
in the study, some of the difficulties encountered, and the results obtained thus
far.

KEYWORDS: Soft -Loils; Stresses under tracks; Stresses under wheels; Trafficability
test instruments

DD O-F
DD N , -1473 Unclassified

257 Securiti Classification

257



1X)ICU1.1.FIjT CO0ITROL DATA * R&D

t. Offlu,1AtI1146, ACI IIVII (4.,f.ett 1"Ith.-0 3. NOICO-04 JILCUU4IY 9 LA11SIPICATION j
U. S. Ari.iy Iingincer Waterways Experiment Station Unclassified
Vicksburg, Htiss. 

i , *,oue.
3 . AtPONTI:T1TL9[

DISTPUJUTIO;1 OF STRESSES 0N &I UIYELDING SURFACU BEHEAT1i A PIIEURATIC. TIRE

4. OCSCRIPTIVE NOTC% (TVp" Of ."mwu 166618190 Eel.,)

rinal repo'ort
S. AUTHOR(S) (Lott Me. Islat 01041 1 .10 l101)

,Iaitag, D. R.
Green, A. J.

6. REPORT DATE V~a. TOTAL". wo. r PASCI 6.10 O W
February 1962 19 o
a. CIONTRACT ON CHANT NO. 0.. ORIGINATO'S5 REPORT NUM6[W)

6, paJac¢T wo. 8S70-5-0O1, Miscellaneous Paper No. 4-469
Trafficability and Mobility Research

,.Subproject -03, Ibbility Fundamentals 96. 21= 011 OM) (Aarp edwramahate swator&@ soiwE
and Model Studies

10. AVAIL ADILITY/ILIMITATION NOTICES

App-,oved for public release; distribution unlimited.

II. SU'PLEMENTARY NOTES Presented at It. SPONSORING MILITARY ACTIVITY

Annual Meeting of Highvay Research Chief of Engineers, DA
Board, Washington, D. C., January 1962; Washington, D. C. 20315
published in H.R.B. Bulletin 342. ,

13. AGST IIACTA basic understanding of how soft, yielding soils support and provide traction to
wheeled and tracked vehicl1-S must be developed. One phase of the research being

conducted at the U. S. Amry Engineer Waterways Experiment Station to acquire this

knot.led~e is concerned with the distribution of stresses induced by a pnequmatic
tire in the medium on which it operates. It includes the measurement of stresses
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13 ABSTRACT
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tires than with 15.00-34t tires. In one specific clean sand its perforna'nce with
either size tire was better than any wheeled vehicle tested to date by WES.. Addi-
tiotra' testing, particularly in snow, sand, and muskee, is needed to evaluate the
vetic .e fully. The computations for determining the vehicle cone index of the
GOER for operation in f'ine-grained soils are included as Appendix A.

KEYWORDS: Field tests; Fine-grained soils; Goer vehicles; Mobility; Pneumatic
tires; Sands; Trafficability; Wheeled vehicles; [Goer (O4520)]

DD 'A0`o1473 ______nclassified
Seer.ty CIlalsificetion

t 259



Untla'n fied
, , cuntY ClassrIfcatlof M.E

DOCUMENT CONTROL DATA - R & 0
(Secuwlty 4eealflcetluw o. totle. bedy of eb0tect en g ,dealnd mnnoeerle e - ua t be m.*16* ed Pw . the oer. all meport I. claeelltd.

I1. ORICINAT1ING ACTIVIT- '.CopeelOei e.H ) a1. RPO04T SECURITY CLASSIFICATION

U. S. Army Engineer Waterways Experiment Station Unriannifled
126 GROUP

REPORT TITLE

PREDICTING SOIL-MOISTURE DISTRIBUTION IN AREAS OF SEASONAL FROST, FEASIBILITY STIJDY

4. OESCRIPTIVE NOTES (7jre if raft Mf d Iandinli, diae)

a. Au TNORIS) (30rf iePee. algae Mnllet. 1" t in"e)

R. R. Van',opik, Charles R. Kolb

0. RIPORT OAT & T . TOTAL NO. O F PAGES Tb. NO. O_ R7 - S

April 1962 51 88
60. CONTRACT OR GRANT NO. SOL ORIGINATOWS REPORT NUMIdERIS)

FQUOJKC TN. MiscellaL-ous Paper No. 3-482

L Sb OTNER REPORT NOWSI (A"• 00lIw Rnibl•RIietet W be ii0el Wad
Wea repee)

AD 756 302
$0. OISTRIOV.TION STATEMENT

Approved for publIc release; distribution unlimited,

041. SUPPL9.iHNTART •OQTS r. 2. SPONSORING MILITARY ACTIVITY

U. S. Army Engineer Division, New EnglandI .5. §U-TRACT
This report reviews the pertinent factors involved in predicting soil-moisture

distribution patterns in areas of seasonbal frost. Althougn tl'e factors affecting
such predi-tion methods are varied and complexly interrelated, it is concluded that
useful prediction methods can be developed. It is recommended that a preliminary
phase of the investigation be undertaken involving (a) the mapping of important

:soils-hydrologic conditions in the frost-susceptible region of North America as a
guide for intelligently selecting sites for further field investigation; (b) the
use of field sites, for which considerable data are already available, for detailed
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prediction of soil moisture from soil and'weather records is included herein as
Appendix A.
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13. ADSTRACT

An estimate of the stresses imparted by pneumaatic tires to surfaces on which they
operate was sought by makint. a study of the shape a tire assumes under various
loads and inflation pressures on various media. Circula~-linear potentiometers
mounted inside the tire provided means for determining the cross-v tion shape&
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: ,1,. ABSTRACT€

Operation Wheeltrack was a cooperative test program among U. S. Army Ordnance Corps
(Ordance Tank-Automotive Command), U. S. Army Transportation Corps (U. S. Army
Transportation Board and U. . Army Transportation Research Command), and U. S.
Army Corps of Engineers (U. S. Army Engineer Waterways Experiment Station) to
determine performance characteristics of military support vehicles in varied
terrain conditions. Since WES did not take part in the development of the test
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tion Wheeltrack. It is recommended that the results be compared with results
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I). A&STRACT

During the period 1-21 February 1962, snow trafficability tests were conducted at
Camp Hale, Colorado, to determine the performance characteristics of several
standard military tracked vehi.iles and an experimental test platform (Airoll)
operating in subarctic snow. The program included tests in which snow, terrain,
and vehicle performance data were collected for correlation purposes. In this
paper, the performnnce of the Airoll is compared with that of the M29Cwvessel,
since the weasel has excellent performance characteristics in soft terrain.
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A documentation of environmental (vegetation, nacrogeometry and m..crogeometry)
and related conditions at tests involving engineer effort for items and at places
as follows: (a) air-mobile engineer support (Ft. Bragg); (b) air-mobile refueling
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of helicopter landing sites (Ft. Bragg); and (f) multiple C-130 landings at Falcon

airstrip (Ft. Bragg). Testing was conducted from May to July 1962.
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IS. ASSTRACT

In a test program jointly supported by the Army and the Navy, the U. S. Army
Engineer Waterways Experiment Station has conducted approximately 2500 tests of
the ability of wheeled military vehicles to climb slopes of loose sand. Tests
were conducted on a variety of beach and dune sands. Test procedures and tech-
niques are described briefly. The strength of the sand on the slopes was
measured by means of a cone penetrometer. The slope-climbing performance of
each of the five sizes of vehicles tested is shown to be determined principally
by the strength of the sand and by tire size and inflation pressure. An empirical
method employing firm-surface tire-print data, wheel load, and sand stiength is
presented as a means of predicting the sand slope-climbing capability of conven-
tional all-wheel-drive vehicles.

KEYWORDS: Coar-se-grained soils; Field tests; Military vehicles; Slope
performance; Trafficability; Wheeled vehicles
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13. ABSSTRACT

This paper discusses the overall aims and objectives of the Waterways Experiment
Station program in terrain interrogation using sensors operating in certain
portions of the electromagnetic spectrum, describes the infrared equipment and
tests conducted, and analyzes results obtained.

r • •IMWORDS: Infrared detectors; Infrared rays; Laboratory tests; Remote sensing;

Soils; Trafficability
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13. ABSTRACT

Operation Swamp Fox II (U. S. Army Transportation Board Project TCB-62-176-EO) was
the third of a series of environmental operations conducted by the Transportation
Board in the Republic of Panama, ard was designed to provide more complete scien-
tific-engineering research of environment-vehicle relation by establishing a base
camp and conducting tests under controlled conditions. Most of the basic traffic-
ability data was made available to the U. S. Army Engineer Waterways Experiment
Station observers by the mobility test team because WES participation was limited
to the period 29 September-15 October 1962. The analysis was made by the authors.
The other data and information reported were collected, at least in part, by the
authors. This memorandum was prepared for record purposes.

KEYWORDS: Field tests; Military vehicles; Motility; Trafficability; Tropical

regions; [Panama; Swamp Fox]; 7c.rw',n @E/a,?Ais
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Washington, D. C. 20315

13. ADSTICACT

Professor D. U. Deere summarized his experiences in.the testing and use of tropical

soils. Many soils contain minerals that dry irreversibly; hence, all laboratory

testing of tropical soils must be started with field-moist material. Even with

this precaution, prescribed optimu.;m molsture-density values could not always be

obtained in the field because of a continually wet environment. Chemical and
mineralo~ical analyses were suggested to determine what constituents an4 soils were

i subject to irreversible drying.
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113. ABSTRACT

This is a report of the first of many trips, made tn rice fields in Stuttgart and
Kelso, Ark., and Crowley, La., in a study to determine seasonal characteristics
of the rice fields pertinent to military operations. Soil,terrain geometr-,
vegetation, and hydrologic geometry data collected during the peak of the wet
season are reported and discussed.
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13 ADSTKACT

During the period 23 July-24 August ).962, trafficability tests were conducted on
confined mu1-eg i.n the vicinity of P-rry Sound, Ontario, Canada, to develop suit-
able correlations between vehicle performance and characteristics of organic
terrain (niuskcg). This papcr discusses two special L.sts conducted on 9 and 10
August wiih six vehicles to determine the "maxi, mv-safe" speed with which the
vehicles could traverse a specific test cours" (test 1) and to determine the
"normal cross-country" speed over the same test course (test 2). The vehicles
are rated according to spoed, quality of ridc, and maneuverability. Factors
affecting the tests a also discussed.
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13. ABSTRACT

The scientific knowledge necessary for engineers to design mobility characteristicsi
into a vehicle does not exist. Mobility engineers in their attempts to fill the
nee% have failed to apply basic scientific methods and principles in a consistent
manner. Some of 'z•.• shortcomings evident in mobility research methods are pointed
out. Ne•w knowledge obtain,. :rom nobility-oriented studies now in progress at the
U. S. Army Engineer Wlaterways Lxperiment Station is presented to illustrato the
importance of basic scientific studi-s.
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13. ABSTRACT

A new concept in soil mechanics is sought which will cope witn the problem of the
behavior of soil when massive displacements are involved, as occurs when a wheel
cuts a deep rut in soft materisl. It is suggested that such movement of soil is
more in the nature of a flow phenomenon, and an energy-per-unit-volume concept is
hypothesized. The load-sinkage curve is assumed to be of the general form

y = aX ; this assumption may have to yield in time to some other more accurate
representation, possibly a hyperbolic function. Expressions have been derived for
predicting sinkage and towing resist inze of r-igid wheels in soft soil on the basic
of plate penetratior. tests. Tý.-se expressions have been modified and extended to
cover more complicated performance of pneumatic tires. Experimental verification
of the theory in dry desert sand (as found near Yuma, Ariz.) is presented.

IYWORDS: Mathematical ana.lysis; Scft soils; Soil-wheel interaction; Towed
wheels
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13. AOSTRACT

The U. S. Army~ Engineer Waterways Expcrinent Station at Vicksburg, Mississippi,
is conducting systematic studies that will provide informnetion on factors which
influence vehicle mobility in defoonable soils. The ultimate purpose of these
studies is to develop rational means of designing military vehicles that will
provide specifi.ýd levels of perfortmance in off-road conditions. A study of the
stresses at the interface of a moving pneumatic tire and the med~ium upon which It
travels is one such study. This paper describes the results of tests made to
measure the distributien of stresses at the tire-soil interface under some re-

* presentative test conditions. Two soils, a said and a clay, carefully placed in
a test pit, were used in the program. Each sci.L was tested at several different
levels of strength. Only one tire at one test load was enployed, but stresses
were neasured at several different inflation pressures. Tests were conducted with

the wlieel powered and with it towed.
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13 ABSTRACT

The Terrain Analyzer Project of the Waterways Experiment Station is aimed at
exploiting the electromagnetic spectrum as a means of identifying and quantifying
those elements of the terrain that have an effect on military operations. This
paper describes the project, which is in it. first, or laboratory, phase. Infra-
red, radar, and gamma-ray studies are discussed.
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t3 ABSTRACT[An engineering irvestigation and developnent program with the aims of producing
imeans for predicting field perforrance of military vehicles ,nd furnishing data
for use in improving their mobility charactcristics has been in progress at the
U. S. Army Engineer Wateruays Experiment Staticn since 1945. This paper presents
a very brief rdsum6 of the terrain-vehicle rescarch programs of the Waterways
Experiment Stdtion.
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1I ABSTRAC(

An essential feature of military plannir'g Is a kno-ilede of the trafficabilitycf
various soils, .e. the ability of the soils to support the pas.;age of various
military vehicles. In this article, the variation that occurs in the strength
or trafficability of sands is described. The sands discussed classify as SP or
SW under the Unified Soil Classifi-htion System, and are in a "dry-to-moist"
condition. Such sands are characteristic of inland deserts and of the portions
of beaches of continental island shoreýs not actually undergo.nph wetting by wave
action. The sands discussed do not include those in very wet condi-Aon, since
the behavior of these sands under vehicular traffic is quite different from
that of dry-to-moist sands.
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13 ABSTRACT

Each time a new vehicle is proposed, the :hoice d running gear can be made only
after careful consideration of many factors, the m•ost influent.ial one dictating
the use of tracks over wheels bceng soft-soil perfornanice. Post wheeled vehicles
used at the present time have less mo!,ility than tracked vehicles of the same
weight. If the mobility of either type of vehicles is to be improved, designs
having contact pressure as low as possible oust be developed. it was deternined
that this can be achieved for wheeled vehicles by increasing the "iuerber of wheels
or by increasing the size of the tires, or by a combinrtion thereof, but that it
is more effective to increase the tire size. It was further deternii.ed that while
light vehicles could be equipped with available tires that would make them con-
petitive with tracks on soft ground, the tracked vehicles have higher pull/weight
ratios on firm soil. This paper utilizes the data, tecbriques, resources, and
experience of the Land Locomotion Laboratory, U. S. Army Tank-Autoaotive Cor .and,
and of the A.rm.y !lobility Research Branch, Vonbility and Fnvironnental Divis:on,
Waterways Experinent Station. Techniquter -f hese organizations are described in
Appendixes B and A, respectivel'y.

KEYWORDS: Mobility; Soft soils; Soil-track interaction; Soil-wheel ,nt.ýraction;
Snow; State-of-the-art studies
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Approved for public release; distribution unlimited.

1.- S-PPLIKOASAAV NoT,, Presented at a meeting "12,. SP.-oIN , MILITANT ACTIVITY

of the Terrain Sub-Group of the Tripartite
Working Group on Ground Mobility, Oxford, U. S.-Army Materiel Coemand
England, 24 June 1963 Washington, D. C.

16. AO•STACT

The results of vehicle tests have shown that quantitative descriptive and
classification systems constitute the most practical basis for terrain evaluation
for mobility purposes and that once such systems are available, test sequences can
be conducted in known environments which can be extended with nearly complete
confidence to other areas of the world which exhibit the same numerical parameters
upon analysis. Existing traditional literature on landforms can be associated with
quantitative descriptive systems and stored on c.omputer systems for later use in
mobility prediction systems. Three basic programs are being conducted at the Water-
ways Experiment Station in the field of mobility research: (a) the development of
detailed quantitative systems for describing and classifying environments, (b) the
testing of the responses of vehicles to known environments, classified both quantita-
tively and traditionally, and (c) the correlation of traditional classifications with
quantitative classifications.

KEYWORDS: Mobility; Terrain analysis; Terrain classification; Terrain factors
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papers, the Committee's conclusions and recommendations, and a report of an Ad Hoc
Working Group recommended by the Committee to examine the applicability of an
airborne profilometer to obtain terrain profiles. The papers included reports on
WES studies related to Project HERS, review of project history, conclusions and
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IS. AOSTNACT

The distribution of things in any approximately homogeneous population can be
adequately described by a sample which is coincident with a minimal area called the
"tostructural cell." The smallest area which can be depicted on any map is a function
of the map scale and is called a "mapping cell." Areas of lesser extent than the
mapping cell cannot be shown and are therefore merged into the nap unit of greater
occupance, resulting in a map unit characterized in the legend as a single population,
but in fact representing areas composed of two or more populations. Such a map unit
has a "relial-lity" of substantially less th.an 100 percent. Retention of detail with
scale reduction depends upon recogn'tion of the scalar relationships between the
mapping cell and the struc'-ural cells of the populations being mapped. The boundaries
between the units are genierilized according to a set of prescribed rules, and a
legend is designed consisetiag of diagrammatic representations of "unit areas" in which

the relative proportions, as well as the schematic positional relations of all popu-
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13. ABST RACT

During the period 21-2S September 19611, a group of specialictE net to consider
in a quantitative way the various clefneats of the surface n~obility problem and
to devise an approach toward its soluticn, The problem is discussed in Appendix A,.
The participants in the exercise are listed in Appendixes B and D and the pre-
conference outline Is included as Appendix C. During the exercise, three vvhicle

concepts, two wheeled (Sx!8 and lOxlO) and one tracked, were designed on the basis
of existing empirical and quasi-theoretical knowledge and in the light df worldide
occurrcncp ot soil conditions. A p.an of tests was dusigned that not only will
test the validity cf the design techniques enployed, but also will serve as a
model for future exercises in mobility. In each phase of the analysis, emphasis
was directed toward the soft-soil aspect of the nobility problen. However, a
plan incorporating tests of other environnental factors also was suggested end
is Included as Appendix E; a study of roadway preparation requirex.ents is
included as Appendix F.
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I1 ABSTRACT

Two general categ,,ries of snow: were considered--the deep, permanent Greenland ice-
cap snow and the "temporary" (subarctic) snow of Canada and mountain regions of the
United States. Test results indicated that, gcnera]ly, all military tracked
vehicles could travel over the level, permanen.ly covered, deep snow areas of the
Greenland ice cap and over the subarctic sno;: ,when it was less than about 3b in.
deep. Maximum drawboar pulls on ice-cap snot: were found to vary in a narrow range,
from about 35 to 1h5 percent of the Cross weight of the vehicle; while or, suberctic
snow, maximum drawbar pulls depended significantly upon the depth of the snow.
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13 ABSTRACT

One of the tasks in connection with obstacles studies to develop the capa-
bility to predict in quantitative terr.-s the effects of terrain obstacles on cross-
country performance of ground ve1 -icles vas entitled "Proof Tests of Ground Mobilit3
in the U. S." This report is co, erned with the first phase of the proof tests,
selection and preliminary description of test areas selected for examination on
15 military reservations. "'he terrain fe~tors considered as having an obstacle-
producing effect on vehicle perfornance were vegetation, surface microgeometry,
and surface macrogeornetr; (principally slcre). Areas within the 15 reserva~ions
meeting established criteria were tentatively located through an airphoto. inter-
pretation study. The terrain characteristics were neasured at the selected sites
during, grcun~i reccnnaiss3r.ces. Tnese data were analyzed and the reservations were
categorizzed accor...sg to the a-vailaoiit fsit orcnucisngle- and

ulil-factor tests. Crar Le jetne, :. C. , Ca-' A. P. Hlill, Va. , and Eglin AFE,
Fla. , offer rore areas suitabl,ý for ccn~!uctinrg ils-atr tests than the other
reservitions, A variety of ccr-onatic:.s of slone. ~nni st en s-)aclng desireble for
conducting multinlc-factor tects ir present at %,. .P il V. apPcet
Va. , and Quantico Y'arine Schools. 7n.
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IS. ABSTRACT

The tests reported herein were conducted to measure and compare the mobility per-
formance of the Jiger and Fisher vehicles in nuskeg terrain. Th'. tests were
conducted by personnel of the Oreanic and Associated Terrains Research Unit of
MW~aster Uniiersity, Hamilton, Ontario, under contract to the Directorate of
Weapons Research, Defence Research Board, Canada. W-,•S and the Land Locomotion
Laboratory were invited to send observers.
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An Investigatinn was conducted ussing a typical laboratory specimen and 12' penetrations
were made with a 1/2-in.-dian 30-deg cone penetrometer. Tbe penetrations were made at
6-in. spacings in various patterns to study the effect of pene.ration seqience, inter-
action, and boundaries. In addition, 25 density samples were taken from the specimen
and a single plate-bearing test using a 6-in.-square plate was conducted. The cone-
penetraticn-resistance aata and density data were subjected to standard statistical
analysis. Differences in mean values from different zones in the specimen were
compared to determine If real differences existed and were not the result of random
scatter in data. Density data indicated that the specimen vax uniform within thee
capabilities of determination but that variations not accou._able as rand'm scatter
in cone-penetration resistance existed between various points in the specimen. Cone-
penetration resistance was found to be adequate for evaluating uniformity provided
sufficient observations were made. Generally, about eigh penetrations were required

* to yield a mean value which could be expected to be within 6 percent of the triz mean
value.

KEYWORDS: Cone penetration tests; Laboratory tests; Penetration resistance %Soils);
Plate bearing tests; Sands; Soil density; Soil penetrati.n tests; Soil
property variations; Soil strength
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Published in Journal of Terrarechanics U. S. Arry 'atcrici C',and
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I) AI*S'ACT

Tire deflection data were studied from te-.ts perforned in the single-wheel test
facilities at the U. S. Army Engincer Waterwayu Experincnt Station, Vicksburg,
Mississippi. The tests were performed with a sronth 11.00-20, 12-PR tubular
tire movine under a 3003-lb load in i:.ortar sand of various stren~ths and a

smooth 9.00-14,2-PR tubeless tire moving under an 890-lb lead in Yuma sand of
various strenpths. Plots ,-re presented of the pat•h of a point on'the center'lline
of the tires relative to a roving and a fixed frar4 of reference. Representative

plots are included to show the effect of slip, soil strength, and Inflazion
pressure on the path and to conpare the paths of a point on towed and Powered
ti'es.

F
I

L W'EWORDS: Laboratory tests; Pneumatic tires; Sands; Tire deflection
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e Washington, D. C. 2(315

tI AMSTRACT

A program of field tests was conducted with the I.3rsh Screu Amphibian to evaluate
its performance on a range of soil conditions. Perforzience was expressed in terms
of ability to travel 50 passes in the same path, nane,,verability, speed, draw-
bar pull, and zlcpe-clim-bing ability. Soil conditions were described in terms of
soil type, moistuxe content, density, and cone index. Relations between vehicle
performarnce and soil condition are presented.

KEywoRDS: Buoyant screw vehicles; Field tests; Fine grained soils; Nobilityf
I Trafficability
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A STUDY OF I=1 EFFECTS CF I•ET SURFACE SOIL COrIDITICIVS Oil THE PERORIrWICE OF A

SINGLE I.EELI

6 DESCOPTIVE NOES (T7rp! o ef r d.•fsim' daft*)

Final report

Smith, J. L.

o. REPORT DATE 71 OTALw- NO OFI PAC S I 7& NO ors

Movember 1965 32

So COIATNACT OR 60ANT NO. 3h.. OR6wQ ATORa"S mtC.OfT NUuMc 'S)

auo~eci NO Miscellaneous Paper No. 4-757

-ARPA Order H1o. 4100 t*S o..., ,,.o. wo(A, i , ,, wrw-,em .. # b.,,, "e.ow'

AD 745 154

SW AVAItILITY/LI&•TAT*wN NOTICES

Approved for public release; distribution unlimited.

I1. SUPPftfMENTARkY NOTES 12 SPONSORING MiLITARY ACTIVITY

Published in Journial of Terranechanics, Advanced edasearch Projects Agency
Vol 3 , io. 2 , 1966. Washington, D. C. 20301; Service Ago-nt:

. U. S. Army Htteriel Command

IS-AOSTRACT Tests Were conducted to deterninc the effects of wet surface soil condi-
tions on the performance of pneumatic tires. Two fine-grained soils were used:
one highly plastic and one only slightly plastic. Surface soil conditions were of
three types: was compacted," flooded and drained, flooded and undrained. Most

tests were conducted on one soil (heavy clay), one tire size (6.00-16), and one
deflection (35 percent). Four tread conditions were tested: a smooth tire, a

directional tread, a nondirectional tread, and a smooth tire with traction aid.
It was found that for a given wýeel load the loss of pull due to flooding is a
constant for each tread pattern. Further, it was found that a peak performance
was attained at a specific load, regardless .i tread pattern or soil condition.
It was also determined that repetitive traffic had no effect on pull through five
parses in the "as conpacted"condition; but for the flooded soil, the pull in-
creased with traffic in the drained condition and decreased with traffic in the

undrained condition. The level of performance depended to sone extent on the
duration of flooding. The lowest pulls were attained when the flooding period was
very brief and the soil strength was high.

KEYWORDS: Fine grained soils; Flooded soils; Laboratory tests; Pneumatic tires;
Soil-wheel interaction; Trafficabiliy
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vol 3, Ito. 1, 1966. Washington, D. C. 20315

13. ADSTRACT

A method is presented for studyirg the results of tests with wheels in soils.
The first part of the paper criprnasizes the need for a framework to describe
observed facts, and in the next part,-a method is developed to provide this
framevork. The method considers the work of the pull developed by the test wheel
as the difference between enerpy input and energy dissipation. The parameters
used to represent these energies arc elplained relative to the theoretical case
of a rigid wheel on a hard surface. This reference condition albo is used to
distinguish the particular features of rolling notion on deformable soils.

KEYWORDS: Soft soils; Soil-vheel interaction; Trafficability; Wheels
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Washington, D. C. 20315

13 AIRSTRACT

The primary purpose of the test program reported herein was to determine
quantitatively the perforrnani. or the CH-liTA Chinook helicopter In Soft soils.
Tests were conducted at three different locations on a range of soil strengths

and at three different aoylosds. A total of 15 landingb were mede on 27 and
28 May 1965 near Vicksl'urg, 'Miss. Subsequent tests were conducted at Aberdeen
Proving Ground, Wl., from 21 to 24 June 1965. The Aberdeen Proving Ground test$S~are discussed briefly in Appendix A.

It was concluded that (a) the Chinook has adequate pover for lift-off from
most soft soil conditions, (bl a relation exists between sinkege of landiig
gear assembly Into a sol. an., the ratio of bearing pressure to cone index, and
(c) the presently designed careo ramp will 01mi: a cargo space entrance height

of 72 in. only w'hen the helicopter laridinr Fear sinkage is about 12 in. or less.

KaqWORDS: Helicopter landing zones; Soft soils; Soil strength; Trafficability;
[Aberdeen Proving Ground, Md.; Chinook helicopter; Vicksburg, Miss.]
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BWashington, D. C. 20315

131 ABSTR ACT

A test program was conducted to determine the effects of air surcharge
on the bearing capacity of soft, cohesive soils. The test soils were of two
types, fat clay and silt. The penetration resistance of a 3-sq-in. circular
plate was selected as the measure of bearing capacity to be used. Cone penetra-
tion tests were performed also for control purposes. The plate penetration
tests were conducted using air-surcharge pressures of 0, 1, and 5 psi.

Test results show that the bearing capacity of the highly saturated,
cohesive soils used In this study was not altered in any significant way by
the application of air-surcharge pressures as high as 5 psi. As a corollary,
it was found that cone index was linearly related to plate bearirg pressure In
each soil type, regardless of the air surcharge applied.

* I

KEYWORDS: Air surcharge press'ure, Bearing cbpacity; Fire grained soils; So.t soils
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U. S. Army Materiel Command
Washington, D. C. 20315

13. ARSTRACT

A conference of the Board ,f Consultants on Remote Terrain Ansly: "s by Electro-
imgnetic Means vas held at tee U. S. Army Fngineer Water.ways Fxperiment Station,
Vicksburg, Mississippi, on 10-19 November 1965. Only sutmwaries of the technical
papers presented are given herein; complete texts of these presentations of teat
programs and results to date will be published as WES technical reports under the
general title Terrain Analysis by Electromagnetic I.-cans. Exhibit 1 is the pro-
gram for the meeting, and Exhibit 2 is a list of attendants. Exhibit 3 describes
proposed future plans. Exhibit 4 presents the report prepared by the Board of
Consultants at the conclusion of the conference.

IEiWORmS: Electramagnetic radiation; Meetings; Remote sensing; Soils; State-it-the-

art studies; Terrain analysis; Trafficability
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ings of the Fourth Symposium on Remote ". 3 r-. .ri. .-. 3nd
Sensing of Environment at Univ. of I Washington, ". '. -1
Mich., Ann Arbor, Mich.. 12-!4 Anr 6 J66

13 ABSTRASCT

Labooratory studies ha-. been c nu':- t ' he :'..rw•i:.'s Fxperi.ent Station
i t-.t-mine th-: effects of soil layaring on tP- -u.rtily aof reflocted enrerg,

'e-zare&. frxi tcrrain. 'le r-z.lts of' this -tuiý indicate that reflections fron
s.rsu!srf'ce interfaces ýan have 3 drastic in.fluence ,n tho 013rntity of energy

sr.ed and that standar. n,.nr chr,-.atic p-1.--d-rdar systerns are not suitable
:'or nas:iring subsurface soil conditions. Fyst.-..s enploying sw-pt-frequency
t-:-".7..:es are naeded to ,llow direct mens'-ren.-nt of elect-.col properties of the
-Dils. These properties then can be correlitel with the tbinrknrss of the upper

!.*vo.- rnnd the moisture content of the soil.

e,•si.es soil layers, s sMh factors ns soil condotivvity and vegetation
dtt. r.ine the usable wavelength region. The effects of each of these are discusse
an!. ex:,nples of s~veral soil-l&yering profiles that might be encountered in natural
toerrin are given. The limits to which the_ lnyering profiles of the s.,41s inf]lnce
Sthe- return er'ý-, are illustrated. T1hese limits are determined by the thicknesses
of tho ,ayers and the electrical properties of the snil comprising each layer.II
KEYWORDS: Laboratory tests; Ri±dio waves; Remote sensing; Soil stratification; Soils
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11 ABSTRACT
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Published in Proceed'ngs 1.066 Army U. S. Arzmy Materiel Conrand
Science Conference, h,.st Point, X. Y.,| Vashin;ton, D. C. 20315Vol IIi

I3 ADSTRACT

The dimensional analysis and the eapirical correlation achieved in developing a

dimensionally correct fornula for approximating the towing resistance for either
a rigid or a pneumatic-tired wk.el are presented. A method. called the moving
chord concept, for handlin- the geo-etry of the complex pheno--enon relating to the
cenfiguration of a pneumatic tire in soft soil (based on experimental evidence)
is presented. The formula that Is developed sat. fied quite effectively a wide
%ange of tire sizes, uhecl loads, and tire deflections in two extremes of soil
type, namely cohesionle:s dry Yuma desert sand and hiChly plastic louislana buck-
shot clay.

The developed formula Is P, C 0.85 I(z/)) where PT is towing force, V is

vertical load, z is sinkaEt, and L is the horizontal projection of the center
line of tire contact area in tne direction of travel.

KEYWORDS: Dimensional av2.vsi3; Nobility numbers; Notion resistance; Pneumatic
- tires; Rigid bheels; Soft soils; Soil-wheel interaction
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Advanced Research Projects Agency and
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Washington, D. C. 201U5

It AISTRACT

A semiquantitative system for describing the pertinent characteri.'tics of land-
marine interfaces with r-gard to ground mobility is developed and Dresented
herein. The description involves the subjective identification of characteristic
zones of the interface, and the measurement or designation of significant
properties of those zones. The range of values or designation exhibited by each
property is divided into suitable clas.3es, and each class is assigned a cede
number. A total of 27 coastal sites in northwest and west central Florida brd
the Florida Keys and 14 coastal sites in Thailand are evaluated according to the
newly devcloped system. A comparison of the Flcrida and Thailand coastal sites
based on relative frequencies of occurrence of the range of values of each
property is presented, and are-z that may be exp._c,.c.d to show some degree c-'
similarity are identified. ^_.-.eral conclusions are: (a) land-marine int, r•ecez
on the G-ulf of Siam hare ctaract.r._.stics that ere close!y s.pr-:r'nated on
northwest and west central coasts -i F orila. (b) the land-.-ýrine tnterface. on
these shores exhibit a :lose in~aozy when ccmpared ,ith regri to structursa.
zones, and (c) land-marine interfazes of the two areas not within a gulf
environment (i.e. thoae not pro:acted frcr,, oce_-.ie wave attack) exhitlit diverge.-.
characteristics.

KEYWORDS: Beach trafficability; Coasts; Land-water interface; Mobility; Terrain
analogs; Terrain factcrsj Tropical regions;[Florida; Thailand]
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Published in Journal of Terra- U. S. Ara Vaeil Command
mechanics, Vol 3, -No. 3, 1966. Washington, D. C. 20315

13 AUSTISACT Treadless pneumitic tires were tested in specially prepared wet clay.
Horizontal and vertical forces, torque, slip, and sirkage were measured. The test
variables included tire w~idth and dirmetcr, tire deflectien, and the load on the
tire. Tite soil strength was varied over the full practicable range. A dimensional
analysis of the tire-soil systems tested yieleed three principal independent Pi

b
terms: the shape number -,the deflection nunber j~,and the clay loading

number SCi. Four dependent Pi terms-. the pull nuirber Is th. sink~sge numbex*

-,the torque number and the towed force number -- were used as measurez
d dl:W U
of tire performance. The experimental results cliowce that the consistency of the
soil could be evaluated, and that trae scaled systems cc~uld be achieved, A single
term was developed that co!,'hincd all of the independent parareter's and this term
was shown to be related to the dependent parameters. Curves delineating the fol-
lowing relations were develnped:

KEYWORDS: Clayrs; Dimensional analysis; Laboatry tet;Mobility numbers;
Pnuatctires; Soil-wheel interaction
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* ,1 ASTSYACT

Sever..' -izes ef treadless pneumatic tires were tested in specially
prepared dry sand under a vai'iety of test lo.4s and inflation pressures. The
results shov:ed that the pertinent soil properties could be evaluated and that
the tire-soil system could be scaled.

KEYWORDS: Dimensional analysis; Laboratory tests; Mbxility numbers; Pneumatic

tires; Sands; Soil-wheel interaction
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13 ABSTRACT

I Grain-size distribution, Attcrberg limits, orGanic matter content, dry unit
veight, field moisture content, and strenet of the 6- to 12-in, soil laer
were T-ePsured once durinZ; the~ wet season at 65 test sites located in northeast

I ~Louisiana and southerst Axksrnsas. Soils verc moda~l silt loaris of four related
series: Loringv, Grenada, Callov:cy, and Hanry. Scries descriptions and typical
soil profiles of '0:c soil series are given in Appendix A. Regression analysis
was use.1 to relate cone index, rensoldin.* Index, and rating core Index, respec-
tively, to mois tuxe content for all series, individually and grouped. Differences
betueen individual series regressions were not signif4icant (0.05 level). The

[ ~group equa~tion for rating; cone Index v~as significant (0.0] .level) and expl~ined
66 percent of the variation in rating cone index associated with changres In
rjok. ture content. To illustrate use of the results, the Group equation for
ratin- cor~e index was used to estimante tie traf'ficability or a forested area for

a TD-9 tractor for each day or a 16-.month period. 7he estim'ates Pareed c3cse3jI with observed field conditions, suGgestirZ that the four series can be ccrnbined
for traf'ficability class.Ification.

KEYORDS: Field tests; Loess; Soil property relations; Soil property variations;
Trafficability;[Ark~ansas; Louisiana]
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Final report.
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Presented at the Society of Automotive U. S. Army Yateriel Command
Engir.eers, Inc., Detroit, Michigan, Washington, D. C. 20315
5-13 January 1967; Paper No. 670171

11. AIISTRACT

A group of specialists was assembled at the U. S. Army Engineer Waterways
Experiment Staticn (WES) to consider quantitatively the various elements of the entire
vehicle mobility problem and to suggest an approach for a:hieving a substantial
degree of solution. One specific purpose of the meeting, and the one that is thesubject of this paper, was to design a number of vehicles capable of operating in
remote areas of the world where extremely soft soil conditions predominate.

Methods of design based on research studies at the WES and at the Land
Locomotion Laboratory, U. S. Army Tank-Automotive Center, were employed to
specify tractive component characteristics that would yield the desired soft
soil performance. 7he finsl con"epts t' nt were evolve'l r.-flert chiefly the soft
soil requirements, but other factors st.uh as olstaei r were also kept
in mind. This paper describes the ap!icatin of the cesi .n r.,trods and presents
the two whecled-vi]i,:le con:-ptj anrd ..e one trjcked-:e?.i, 1* coneept that were
evolved to satisfy the basic assumptions.

KEYWORDS: Meetings; M)bility; Vehicle design
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U. S. Army Arctic Test Center
Fort Greely, Alaska

I&. AOTNACT

A method for claasifying and mapping terrain features pertinent to off-road
mobility in selected temperate, tropical, and desert areas was applied to
subarctic terrair in this study. The area involved borders the Automotive
Test Course of the U. S. Ar:W Arctic Test Center at Fort Greely, Alaska, and
is roughly 2000 ft wide and 15 miles long. Conditions mapped were those
prevalent during the late summer. The classification and mapping method proved
satisfactory with only minor modifications. Terrain factors unique to cold
regions which require additional research before they can be properly classified
and mapped for mobility test purposes include depth of thaw, snow depth, snow
type, ice thickness, and stream turbidity.

KEYWORDS: Military bases; Offroad mobility; Subarctic regions;
Terrain analysis; Terrain classification; Terrain
mapping; Fort Greely, Alaska]
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_Assistant Secretary of the Army (R&D)

I1 AUSTRACT

This paper presents the results of the developoent of semienpirical formulas
for the towed force and for the maximum drawbar pull of pneumatic-tired wheels
in soft soils. It assumes that the depth of sinkage of the wheel is known, and
it utilizes an "effective shear strengts." for the soil based upon an empirical
cor•.elation with the WES cone index. It includes an appendix that presents a
mathematical theory for load-penetration relations for some idealized materials.

i

-YWOJRI.: Hathemati..al analysis; Performance predictions, Pneumatic tires;
a t soi.s; Soil-wheel interaction; Tire performance
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13 ABSTRACT

Trafficability tests were conducted in fine-grained soils with two vehicles with
9- to 10-ton wheel loads, the LeTourncau Electric Digger, Model L-28, and the
LeTourneau Log Stacker, Model F. Forty-one "go-no go" tests were performed on
three different soils classified CH, CH/CL, and CL/MfI,. Results .showed that the
minimum soil strength requirements (vehicle cone indexes) for 56 passes of the
Electric Digger and the Log Stacker were 185 and 150; re'pectively. A revised

mobility index formula, discussed in Appendix A, proved to be more reliable than
the original mobility index fonnula for computing vehicle cone indexes of the
two vehicles. When the Digger's tire inflation pressure yas reduced from 75
to 27 psi, the experimental VCI was reduced from 185 to 160. Limited data sug-
gest that the development of trafficability criteria for less than 10 passes
of a vehicle will require a careful analysis of the rate of r.molding of the
soil by vehicle wheels or tracks and of the relative influence of various soil
layers.

-fKEYWOPDS: Field tests; Fine-grained soils; Forestry vehicle!E, Mocility; Trtffic-
ability; Vehicle cone index;LeTourneau Electric Digger; LeTourneau Log Stacker]
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EngieerWatrwas xperiment Station on 29-30 November 1966 to review the progress

sultntsmeeingin 958and to af ford the consultants an opportunity to comment

sented on atudies as follows: methods of soil moisture prediction for trafficability
purposes (C. A. Carlson); effects and deficiencies of factors used in WES soil
moisture prediction system (A. R. Mcoanial); a tentative soil strength prediction
system; influence of water tables on soil moisture and soil strength (J. G. Collins);
influence of soil variability on soil moisture and soil strength predictions
(H. D. Molthan); comparison of soil moisture prediction factors for temperate and
tropical climates (M. H. Smith); predicting and portraying soil moisture on an
atreal basis in Costa Rica (A. R. McDanial); and soil trafficability classification
scheme (M. P. Meyer),

KEYWORDS: Meetings; Soil moisture prediction; Soil strength prediction; State-

of-theatE studies Trficaii TrfANailt prediction
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I Remote Area Conflict
ISp. A[SITR•AC€T

Tnis report summarizes two WES contract studies in vehicle ride dynamics, each
with a different approach to the problem of describing and defining the dynamic
response characteristics. One study, conducted by Chrysler Corporation, is reported
in "A Study of the Vehicle Ride Dynamics Aspects of Ground Mobility," WES Contract
Report No. 3-114, Vols. 1 and 2, Mar 1965 and Vols. 3 and 4, Apr 1965. The other,
conductec by FMC Corporation, is reported in "A Computer Analysis of Vehicle Dynamic*
While Traversing Hard Surface Terrain Profiles," WES Contract Report No. 3-155, Feb
1966. The dual approach reveals two separate and distinc* problems. One problem is
to'define force -nd mntion in a suspension system in such a way that the relations
can be used to improve the design of suspension systems. This the F'C Corporation
mathematical model appears Lo do. The other problem is to describe motion in objective
terms in such a way that the mathematically derived terms correlate directly with
human response. While a satisfactory solution to this problem has not yet been
achieved, it appears that the Chrysler Corporation statistical procedure will be
suitable for this purpose.

KEIWORDS: Computerized models; Mathematical models; Mobility; Ride Jynamics,
Vibration effects (Vehicles)
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Published in The Military Engineer, U. S. Army Engineer Waterways Experiment

Vol 59, No. 390, Ju3-Aug 1967. Station, Vicksburg, Mississippi

it. AOSTRACT

The aerial cone penetrometer ia a simple device for the determination of soil

trafficability for a remote source. It'has a number of nossible military applica-

tiins and would require only a modest amount of additional development to make it

a practical Army tool. The crcdibility of the aerial cone penetrometer is best
exemplified by the smooth and reproducible relations that exist between soil strength

(as measured in terms of cone index) and depth of penetration of the a.irial pene-
trometer (at a constant contactcvelocity).

.. EYWORDS: Aerial cone penetrometers; Trafficability
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12-15 Dec 967, Paper No. 67-607, Transac. U.* S. Army Materiel Comuid
ASAE, Vol 11, No. 6, 1968 J Washingtoni, D. C.

JI. AUSTACT

Trafficability tests (12 self-propelled and 4 maximum drawbar pull) vere con-
dixcted in a heavy clay soil to determine performance capabilities of a -all, two-
vheel-driv'p industrial tractor. The minim-m soil strength required for 50 passes
of the vehicle, or the vehicle cone index (Vol), vas determined from these tests
to be 49. The VCl computed by a revised (March 1967) mobility index formula was
51. The one-pass VCl determined fromn the self-propelled and limited wom'ine-drawbar-
pull tests vas 27, or 55 percent of the expeluental 5O-pass Vol.

KYW0NDS: Clays; Field tests; Fine grained soils; ?4.ibility; Tractors; Trafficability;

I Vehicle cone index; Wheeled vehicles
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U. S. Armiy Materiel Command

.5 SYAA procedure is presented for the selection and description of referen',e tWnst $1
are"as As nwih h udiatt nations can test and evaluatc their military
vehicles. The procedure consists of four phases:

a. Selection of areas of nat. moa1 interest by each of the Quadripartite nations
b. Identification and description of the facets comprising the areas of

nationa3. interest.
c. Selection of PTA's within each member nation in a location which exhibits

the maximum riumber of facet types as found ir the areas of national interest
Description of all ETA's in ter-ms of landsco.pe pattern, facet and subfacet
composition, factor value ranges characterizing each facet and subfacet, and
factor values mapped independently.

The factor value descriptions must be in teims of ranges of values for those factors
which significantly affect vehicle performance. The factors are hypothesized to be:

a. Soil factors: soil mass strength, soil surface strength.
b. Vertical obstacles: macroslope, step height, width, length, spacing,

approach angle, soil mass strength.a:Lateral obstacles: spacing, stem spread, branching height, clusttring Index
- 1,omgitudinal obstacles; spacing, stem diazL-ter~ bending strength,

F, 81clustering, soil mass strength.
e. Witer-land interface: depth, approe'th angle, current velocity.

KEYWORDS: Mobility; Reference test are-ts; Site selection;

Terrain analysis; Terrain factors
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1. OP16PrORTn UMNTANT ^CtS V

This paper presents limited background on ground-flotation criteria development and some
of the concepts on which current criteria are based. It gives an insight into various
problem areas in development of the criteria and explains the extent or limits of
applicability of flotation criteria presently in use. In the final portion of the
paper, emphasis is given to the particular aircraft characteristics that contribute
good or high flotation and some discussion is presented of factors, not trehted by
current criteria, which recent research indicates may have a significant effect on
flotation.

KEYWORDS: Aircraft; Ground flotation
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SOIL BUILDUP BETVJEEN WHEELS AND SPCKSON OF XM759 LOGISTICAL CARRER

SeascRIPTIve NOTMS (2k..e dadm kekht,. Skm)

Final report
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Edgar S. Rush

October 1967 1 hLS ?. o .U~

00. INSRIOUTS@ STAYMICMY

Distribution limited to V. 5. Government agencies only; test and evaluation
of military hardware; 15 November 1971; other requests for this document
must be referred to U. S. Army Materiel Command.

I*- UUPSPL.ENEMRY WOT99 IS- SPONSORNGM MILITARY ACTIVITYLU. S. Army Material. Comamand
Washington, D. C.

In testa of the XK759 logistical carrier on a sticky, heavy clay, serious soil buildup
occurred between the tires and sponson. This experience led to a limited study in
which a single wheel (24x21-6N Terra tire) from the XM759 was rolled through a heavy
clay at various moisture contonts and tbea over five metal and plastic panels to deter-
mine the effects of these possible xponscn-ccnstruction materials on soil buildup.
The materials tested were aluminm-, steel, Teflon, Formica, silicone-sprayed alumimnu,
and nylon. Soil buildup was greatest to steel and least on Formica under optimum
moisture conditions for soil accumulation. However, ii, is questionable whether oneImaterial is better than another once the sponson surface area has been compl~etely
covered with soil. The probability of ocezurrence of soil buildup conditions in South
Vietnam was also investigated to a liaited extent. Based on a number of assumptions,
it was concluded that the probability of occurrence of conditions conducive to ;oil
buildup is 3 percent of total land area of South Vietnam.

KEYORDS: Cargo vehicles; Clays; Pneumatic tires; Soil buildup (Vehicles); Soil-
wheel interaction; Terra-tires; [DM459 Logistical carrier);
Amphibious vehicles
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13 ABSTRACT This study consisted of two test series conducted using seven Terra-tires
of which one had a smooth surface and the other six had various tread areas and
patterns. The first series was to determine what effect adding tread to the Terra
tires on the MTV would have on its slope-climbing and pull-pro>ducing ability. Tesis
were conducted on a strong fat clay with a wet surface, and each test cnsisted of
five passes with a single wheel powered at 20 percent slip, or locked ina full
skid.

The second series. evaluated four materials for possible use in sponson con-
struction. These tests were conducted with the same seven Terra-tires on both wet
and dry surfaces of each material. The wheel was either free rolling or locked.

In the in-soil tcsts, enalysis of all five passes show d that the treaded
tires, reg~ardless of pattern, developed more tract ion and skid resistance than did
the smooth tire. Tread pattern appeared to have little influence on the P/W valu
developed, but tread area influe. ctd these values significently. Tires with eith
too little or too r-ach ':roac: arý-a vrt'c*-c~red norl.:. The Terra-Crip and the non-
directiwnal bar tread ap:.cai'ed to jia-v thu bbe: cc-.~irnatca of tread area and trea
arrangement of the tires tested. Ferforr~ance is thec lockned-wheel tests followed
the san~e jr,,~cral patter:i as in th~e tests with the powerec wheel.

In thle tests to evaluate sponseon materials, the perforiance L' the free-
rollins wlhoel &newed no significi.a: differences, rc~rartýIiess of the material uaed
or the surf-ace condition. In thec lockcd-wheel tests, a &iven reterial generally
offered I-,N.?tcr resistance to a riven tire when thc~ material was dry, but there
were some e~xceptionls, notably on caroorundun-inprelrnatcd al.uninum. The highaýst
skid resistance was develnned on dry si~lcc canrb~d't. the lo'west on wet stnitctural
aluminum.
KEYWORDS: Clays; Laboratory tests; Pneumatic tires; rerra-tires; Tire tread
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IS. AUSTRACT

This study was directed toward obtaining a fundamental understanding of the tire-
soil system from a qualitative investigation of the behavior of pneumatic tires operat.
ing in soft soils, using failure theories of classical soil mechanics. A series of
powered-wheel, programmed-slip performance tests conducted in sand and clay were
analyzed.

The soil in contact with the tire is considered to be in a state of failure at
all slips, and it is hypothesized that the characteristic shape of the pull-slip curve
is not due to the increase in so!l deformation, but to the rotation of the failure
plane with respect to the tire-soil interface. Using some simple assumptions and the
approximation that measured forces were uniformly distributed over the tire-soil con-
tact surface, it is denonstrated that the hypothesis is a plausible one. A key ele-
ment in th,ý analysis is the deternination of an angle 8 that represents the angle of
the tire contact surface relative to the horizontal. Using this angle and the forces
measured in a test, a relatio:n bct.:acn the ratio of tan-ontial and normal stresses and
slip was developed. This r_2ltion is interpreted as a measure of the rotation of the
failure plane. There appears to be a linear relation between 8 and slip in sand,
and a hyperbolic relation in clay.

A discuss-on of slip is included as Appendix A.

KEYWORDS: Laboratory tests; Pneumatic tires; Soft soils; Soil-wheel interaction;
Trafficability
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St. SU*0ltmiSNTanV NOTES 18. WOSPUION* MUTANT ACTIVITY
IAir Force Flight Dynamics Laboratory

Research and Technology Division
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This report describes work undertaken as part of an overall progrsm to develop ground-
flotation criteria for the C-5A airaraft. A test section was constructed to a width

* adequate for deven similar test lanes. Each lane was divided into two unsurfaced
items having different subgrade CBR values. Traffic was applied by a model wide tire,
a multiwhee2. assembly, and a conventional single-wheel assembly. The same load and
tire pressure were maintained for all tests. This report pres-ts a description of
the test section and .&heel assemblies, and gives soil strengths, drawbar pill, and
surface deformations aud defleqtions. A.1so, the numtber of traffic passes completed.
before failure occurred on each test it n is given. An analysis of traffic data,

vith conclusions, is presented.

KEYWORDS: Aircraft; Aircraft tires; Ground flotation; Pneuxattic tires
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Is. AOSTRACT

A study was made to determine practical, expedient methods of securing and containing
surface-soil samples when soil sampling equipment is not available. Detailed exam-
ination of 24 cans, digging tests with three cans, and soil moisture-retention tests
of eight types of covers indicated that any all-metal can makes a good tool for dig-
ging and containing surface-soil samples. A 12-oz beer can is judged to be a good
choice for expedient surface-soil sampling because of its ubiquity, size, shape,
sturdiness, and resistance to corrosion. A plastic cover that fits a round can snugly
and two types of cloth-backed adhesive tape are considered to be effective covers for
retaining the moisture in a soil sample in a can. Detailed procedures for surface-
soil sampling are given.

KEYWORDS: Soil sampling
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lb1.46A11RACT

The purpose of this study was to establish a relation between soil stren.gth and
walking speed. Ten tests were conducted on Cine-grained soil and a wide range of
sail strengths with five walking participants in most tests. Best telations were
developed between walking speed and depth of footprint versus soil scrength in
terms of cone index. Walking speeds ranged from 0 mph on~a cone index of 6 to
about 4 mph on a cone index of 11; average walking speed 6n pavc'.ent was 4.67 mph.
Walking speed increased from 0 to about 4 mph for depths of 22 in. (immobilization)
and 5 in., respectively. Between the 5- and 0-in, footprint depths, speed varied

between 4.0 aftd 4.5 mph.

le KEYWORDS- Fine.-grained soils; Soil strength; Wa.l~ing speed
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IS. AINGTRACT

Anal~ysis techniques developed at the U. S. Army Engineer Waterways
E~xperiment Station for military trafficabIlity studies are described.
Similarities between operations of military vehicles and forestry vehicles
are noted, and the results of tests conducted with a rubber-tired skidder
are presented and analyzed.
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Va. AGSTRACT

Penetrom~eters are well suited for measuring soil properties, but there are some
factors that limit their applicability. Test data accumulated by the U. S. Army
Engineer Waterways Experiment Station are used to identify these factors and to
indicate their influence.
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Presented at Second International Confer- Advanced Research Projects Agency and U. S
ence on Mechanics of Soil-Vehicle Systems Army Materiel Command, Washington, D. C.

86;& Geological Society of America 11-47

SIThis paper sumarizes a teport, "Comparison of Engineering Properties of Selected
Temperate and Tropical Surface Soils," published in June 1966. Field and laboratory
tests were conducted on 11 fine t'ained soils from the temperate climate of the Unit
States and 17 fine-grained soilr from the tropical climates of Puerto Rico, Panama
Cana' Zone, Hawaii, and Thails.id to determine trafficability of the soils and other
engineering properties. Soils were collected from the 6- to 12-in, layer for a wide
range of parent materials. Temperate and tropical soils of each parent material werle

i selected on the basis of their similarity in the Unified Soil Classification System
and topographic posit ior. A comparison of physical, mineralogical, and chemical

properties, and results of standard and special engineering tests indicate, with few
exceptions, no significant differences between temperate and tropical soils froma
similar parent material.* It is concluded that temperate and tropical soils of simila
parent materials and Atterberg limits generally have other engineering properties
that are similar and behave similarly when subjected to standard and special engi-
neertng .labor-tory tests. Differences in behavior betweeu soils from each of the

climates can~ be associated with differences in Atterberg limits.

KEyWORDS: Laboratory tests; Parent materials (Soils); Soil Property
relations; Soil property variations; Temperate regions;
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08. AOSTRACT

A second meeting of a group of nobility, soil, and terrain evaluation specialists of
the U. S. Army Materiel Comand and the U. S. Army Corps of Engineers, together with
associated consultants, was held at the Waterways Experiment Station 8-10 Februury
1967 to design and implement an agreed-upon field program for testing the three
vehicle test beds.
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Published in Proceedings.

Gamma radiation from soil samples obtained from nearly all cf the stares and

Puerto Rico was measured in the labc:.2tory and the results were analyzed to evaluate
the use of gamma-ray measurements to convey certain information about the soil. The
d ta were arranged according to land usage, i.e. cultivated or uncultivated, and into
classifications according to the following systems: geological material type,
geological material age, U. S. Department of Agriculture (USDA) Great Soil Group,
and USDA Soil Order based on the Seventh Approximation. By plotting the gamma-ray

photopeak count ratios of Th P2 K4  versus U /8 K4  and the normalized photopeak

counts for U 238 and Th 232 versus sand content, it was shown that the criteria for
separating the soils were either too broad or not significant to the gamma-a 238
emissive characteristics of soil. Howtver, the data showed that the Th232 and U
photopeak counts depended upon the particle size distribution in the soil and indi-

catd tatgamma-ray measurements can provide a qual tative idcto fzn otn
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JS. A3STlNAC;'

A study was made of the effects of various testing techniques on the performance of a
test wheel mountel with a pneumatic tire operating in an air-dry desert sand. Tests
employing both controlled-slip and controlled-pull techniques were conducted with a
single-wheel, dynamoaeter-equipped carriage. The results are presented in the form
of graphs with emphasis placed upon the pull-slip and torque-slip relations. For
the conditions tested, wheel performance was found to be independent of testing
techniques with one exception: Consistent differences were noted when comparing re-
sults of prograwaed-increasing and programed-decreasing slip tests. Although this
disagreement occurred only for a narrow range of slip (approximately -10 to +10 per-
cent), it can be impo-tant.

A brief analysis of the hrizontal forces acting on the dynamometer is given to
amplify certain relations, particularly differences in pull-slip and drawbar pull-
slip responses. It is shown that because of the inability to always attain a stable
cond1ion, controlled-slip tests are better than controlled-pull tests for defining
pull-slip and torque-slip relations.

KEYWORDS: Laboratory tests; Pneumatic tires; Sands; Soil-wheel interaction;

Test t-chniques; Tire periu,,ance
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121. ASISTNR T

Some typical aspects of the rolling motiL., of pneumatic-tired wheels in dry sand are
described in qaalitative terms. Z;ie positive slip range, between the. self-propelled
condition and 100 percenr slip, is considered. In this range, three phases of the
phenomenor are distinguishe4 according to the rate of variation of torque end pull.
The parameters used for the description are energy coefficients: torque, pull, and
dissipated energy coefficients. Experimental results are given to illustrate this
approach.

The first part of the paper describes the three phases of rolling motion with respect
to slip and defines the energy parameters. The second part is a discussion of the
observed effects of wheel load, sand strength, and tire characteristics upon (a) the
rate of increase of torque at low slips, (b) the value of the maximum pull/load ratio,
end (c) the rates of increase or torque energy and dissipated energy at medium and
high slips.

This discussion illustrates the physical understanding of rolling notion in rand that
can be gained from the comparative study of each phase for various tires under var-
ious load ani soil conditions. Such a comparison provides a means of specifying the
differences in performance between different:tires. The discussion also questions
the agreement berveen observed facts and existing theories. It is found that impor-
tant aspects consistently observed in tire perfocmancd are not predicted by any
present theory.
KEYWORDS: Laboratory tests; Pneumatic tires; Sands; Soil-wheel interaction; Tire

Performance io,
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U.S.9 Limited War Laboratory
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Thle mzaior/minor wheel vehicle, ras expEriwinxzal vehicle that employs the Terrastar locoi-
motio,2 coucepi:, vas test#e on soils having e wide range of strengths, on? asphalt pave-]

strength, in terms of rating cone index, tavnpemthevehicle tocomplete oner and 50 passes in a straight-line path (i.e. the vehicle cone index for one pass, VC1l,
and 50 pasei~a, VC1 5C), (b) one-pass dravbar pull-slip and motion resistance-soil
strength relations, (e) hard surface drawbar pull-vehicle speed relations, (d) slope-

clmbngcpailtis () atrspeed, an-*()wtrei aaiiis Mechanical

brakoveprvetd caltin fsomue port'lu ftetstporm h experi-
metli1 wsdeemne ob 21 and aIe experimental VCI to be B. This compares

favralyWt te omutd C1 of 2-1 and capti *lo 1.Temxm~ dawbax*
pull on a paved surface vat 65 Xreent. of vehicle weight; the maximaum drawbar pull on

soil was about 57 percent of vehiele weight. Mainl:-ua dr'wbsr pull and motion resist-
ance vere shown to be relatedt to sail st~rength. The maximum vater sioeed was 3.0 mph.
Appendfx A presen't3 the frawszul .. d computations for determination of the vehicle

coneiabliy Watrdererm.c
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IS. AOISTRAC T

Te data shown indicate that a mathematical representation of -pneumatic tire, in
terms of the deflections of ..any radial segments, successfully displays the es-
sential feature of horizontal and vertical forces transmitted through the tire.
IL is indicated further that the segmented tire model enables realistic predictions
to.be made of the displacement and force time histories for a pneumatic tire towed
over a rigid obstacle.
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Published in Journal Terrasiechanics, Wahigtn D. C.MteilComn

Vol 5, No. 3, 1968.WahntD.C

IS. ASISTRACT Current theoretical concepts of the soil-running gear interaction are based'
on empirical pressure-sinkage and shear stress-displacement relations. It was found
that the tests from which these relations were obtained present a poor analogy, at
best, to the soil-running gear interaction. In particular, the use of the shear
stress-displacement relation for an analytical evaluation of the shear stresses at
the contact surface of rigid wheels on sand was found to be misleading, primarily
because equations obtained by the bevameter or dragged plate tests describe the soil
behavior in the intermediate state, which is a state between the elastic and plastic
states. Recent publications point out that part of the soil in the immediate
vicinity of a powered wheel is in a state of actual plastic flow and part is in a
quasielastic state. Thus, the soil-bevameter interaction is of a fundamentally dif-
ferent nature than the soil-wheel interaction,' which makes results of such tests un-
suitable for predicting wheel performance. Sela's theory of the relation between a
rizid wheel and dry qan is based exclusively on the shear stress-clisplacerent con-
cepL, and thus provieed an excellent means of checking the concept as a whole.
Using a simple approxi-nate relation between the W/RI ratio and the mean shear-to-
normal stress ratio taken over the total contact surface, the theory was checked by
means of constant-slip rigid wheel tests. The e:mperinental findings strongly sup-
ported the conclusion that shear stress-displaceneznt relations are irrelevanL to*
soil-wheel mechanics. A new theory was developed to assess the variation of the
shear-to-nornal stress ratio along the soil-yheel !nterface, without referrin- to
shear stress-displacement relations. This is a subject of another paper.

KEYWORDS: Soil-wheel interaction; Stress..strain relations (Soils); Stresses
under wheels
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Published in Army Science Conf. Proceed.;
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I1. AOSTRACT

The mathematical model for a pneumatic tire described in this paper is used to
compute the horizontal and vertical forces transmitted through the tire to the vehicle
axle to provide realistic force inputs for model stuaies of vehicle dynamics. The
present model is valid for the case of a pneumatic tire traversing nondeforming
obstacles with zero slip. Static load-deformation characteristics and dynamic
obstacle-traversal characteristics were obtained in laboratory test with 9.00-14 tires
under several conditions of ply rating and inflation pressure. These data were used
to calculate model parameters and to produce time histories of dynamic responses.
Computer implementation of the mathematical model produced force and displacement time
histories similar to those obtained during the obstacle-traversal laboratory tests.
The model prodnced the essential features of the vaveforms seen in the laboratory and
Is a valid representation of a pneumatic tire for dynamic analysis of vehicles on
nonylel4fng terrain.

LkEYw/0DS: Mathematical models, Mobility; Obstacle-wheel interaction; Pneumatic
tires; Ride dynamics
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U. S. Arry Materiel Command
Washington, r. C.

13 AUSTRIACT

An attempt is made to theoretically assess the variation of the shear-to-normal stress
ratio, t/o , along the soil-wheel itnterface without referring to shear stress-

displacement relations believed to be irrelevant. Based on recent investigations of
the soil rupture pattern beneath rigid wheels on cohesionless material, the total
soil-wheel interface is subdivided into three zones of different soil behavior.
Simple assumptions are made of the soil-to-wheel movements within these zonee to
evaluate t/a . Experimental checks showed the approach develop.d herein to be In
better agreement with the test data than were previously developed theories.

KEYWORDS: Soil-wheel interaction; Stress-strain relations (Soils); Stresses under
wheels

S COW St I -.. j 0: Z6CI1• P- A. .V U... Unclasified
330. * .litllICIIIS6I1



t

1

UnclAgifripd
Scruntv Clissiricatiofi M

DOCUMENT CONTROL DATA -'R & D
(4ecarit, cl.osa.flcMAoIJ of glte. bogy of abatm•cal .. dElwnJ .m.cetieg. Nual he h•. wh. th.e rl P.Pc f. cl...*•hm

i *-Mm IA r:m. 4c TC v~# rv (Ceopamr..dO.) Ze. R&PORT OECURITY CLA5S1IICATIONt

U. S. Army Engineer Waterways Experiment Station Unclassified
Vicksburg, Mississippi 26. CROUP

REPORT TITLE

TRAFFICABILITY TESTS WITH A RUBBER-TIRED LOG SKIDDER

4. OESCRIpTIv a NOTRS (Type eof 9"1 mWd inceJ dome)
Final renrt _.LAUTNORISijjjI'rbte. in m/•J ilde. dmee R•)

James H. Robinson
Robert P. Smith
Boone Y. Richardson

4. REPORT OSTL 70. TOTAL. NO. OP PAGES ?S f O. p$RP

.CONTRACT OR GRANT NO. 55. ONIEINATORS REPORT NUM'89ISI[

P*o.IoC T I l-V-O-21701-A-046 Miscellaneous Paper M-69-I

STask 02 TOET. OT.R RW P oRTr N * wSA i * p A b a enSe

4 AD 848 416
10 OISTRI3UTION STATemenT

Approved for public release; distribution unlimited.
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U. S. Army Materiel Comand
Washington, D. C.

sb. A$STRACT
Trafficability tests were conducted with a log skidder to determine the applicability
of the U. S. Army Engineer Waterways Experiment Station (WES) mobility index formula
to articulated, rubber-tired, four-wheel-drive vehicles. Self-propelled tests without
and with a 4003-lb rear axle load were cond'ucted to determine experimentally the mini-
mum soil strength, or vehicle cone index (V.I), for one-pass (VCII) and 50-pass (VC1 5 0 )
etraight-line operations. Drawbar pull-sli) and motion resistance-soil strength rela-
cions for soils ranging in strength from 25 +o 104 rsting cone index (RCI) were deter-
mined. The experimental VC150 was determined f:rom self-propelled tests performed on
heavy clay and lean clay soi'.s to be 33 without a -ear axle load and 38 with a load,
which is approximately 3 ECIT .nits on the conserva-.ive side. The experimental VCI 1 was
determined to be 16 with "cGd snd 14 without load. Seven drawbar pull tests with load
and five tests without load were performed on soils classified as organic silt (in the
0- to 21-in. layer) and fat clay (in the 2- to 3ýp-in. layer). Good correlation was
obtained between both dravbar pull at 40% slip and maximum drawbar pull at <95% slip
and cone index (CI) of the surface layer, at the 3-in. depth, and of the 0- to 6-in.
layer, respectively. Correlations between dra-,bar pull and RCI were not as good as
those between drawbar pull and CI. Drawbar pull correlated well with the surface shear
stress as measured with the Cohron sheargraph. The WES formula and computations for
the determination of VCI for the log skidder are presented in Appendix A.

KEYWORDS: Clays; Field tests; Logging vehicles; Mobility; Organic soils;
Trafficability; [Log skidder]
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"Presented at the CAL-ISTVS Off-Road Mobili U. S. Army Materiel Command
Research Symposium in Washington, D. C., 20315
26-27 Jun 68. W D

Existing research facilities at U. S. Army Engineer WMterways Experiment Station (WES)
are being utilized in a systematic approach to deveioping and validating more reliable
models of the man-vehicle-terrain system. Specific attention is being ziven to
developing more realistic models of tires, tracks, and deforming soil. "he dynamometer
systems at WES are being utilized to evaluate these models and to determine dynamic
characteristics of certain tires and track systems. High-speed computing facilities
are being used extensively, and capabilities for in-house simulation activities are
being increased. Obstacle courses and test tracks will be used to evaluate analytical
models and assess the yalidity of criteria for determining ride quality and/or vehicle
speed.

I

KE•RDS: Mathematical models; Mobility; Mobility research laboratories;
State-of-the-art studies; Vehicle dynamics; [Waterways Experiment

Station)]
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IU. S. Army Limited War Laboratory

12. ADTRZ 
Aberdeen Proving Ground, Maryland

The major/mino wheel vehicle is an experimental vehicle that employs the Terrastar locomotion con-
cept. A previous test program was conducted with the vehicle equipped with l6xl45-6 tires,
whereas in this program the vehicle was equipped with 20z:14-10 tires. The main purpose of the
program was to determine whether the larger ties improved vehicle performance. Performance param-
eters were go or no-go, one and 50 passes, in soft soil; maximum water speed; water exit; and ver-
tical step height capabilities. Mechanical breakdowns reduced considerably the amount of tesin
compared to that anticipated at the:sar of the program Comparison of the reulsof the to ro

creased maximum water sedfrom 28to 3.1 mph. Water exit capabilities werea least asgood
with the larger tires. A verical step height of 22 in. was mounted with easewith the 20xl4-1O
tires Step height tests were not attempted with the vehicle equipped with the smaller tires.

lKYORDS: Field tests; Mobility; Soft soils; Soil-wheel interaction;
Terrastar locomotion concept; Trafficability; Water
performance; Wheeled vehicles
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TRAIL CHARACTERISTICS ON PERFORMANCE OF SELECTED SELF-PROPELLED VEHICLES

4. ODECRIPTIV E NOTES (27'" 01 tepeeaMd b&PCmie dof..)

Report I of a series
S. AU T"OntiS cFrme URem. 01dwo Ai. I•"44 is )
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Approved for public release; distribution unlimited.

It. supsPLcutZNARY NO)TES SPONSORING 60RLITARY ACTIVITY

IU. S. Army Materiel Command
j Washington, D. C.

A series of reports prepared by the Joint Thai-U, S. Military Research and Development
Center were reviewed to determine the effects of Jungle trail features, especially trail
width, on performance of the 14274 ½-ton Carrier and two concept vehicles, one 65 in. and
the other 80 in. wide. In these revorts it was generally concluded that vehicles whose
widths approached 90 in. experienced difficulty along the trails. Overhanging vegeta-
tion and fallen trees restricted driver visibility and damaged windshields of vehicleswhose heights were about 80 in. or more. Slippery soils and steep streambanks plagued
trail operations; deep ruts in the trail surface also caused considerable problems. No&
amphibious vehicles experienced numerous engine failures in fording operations. Streams
deep enough to float vehicles had current velocities less tnan 3 mph. Based on the
review of these reports, the following suggestions are made. The vehicle should be less
than 90 in. wide and less than 80 in. high. Ground clearance should be greater than 18
in. aud the underbody should be smooth. The turning radius should be less than 15 ft.
The traction elements should have the traction capabilities of a track and the low main:-
tenance requirements of a wheel. The vehicle should be amphibious and should be able t
maintain directional control against a current velocity of 3 mph. However, if nonamphib.
ious but equipped with waterproof ignition and exhaust systems, the vehicle would meet
approximately 90 percent of the requirements for water crossing. The vehicle should ha't
a high-capacity winch and power steering or easy steering capabilities. Ground pressurei
in the order of 2 psi or less are desirable for soft soils that may be encountered.

KEYWORDS: Field tests; Jungle trails; Military vehicles; Mobility; Self propelled

,phic�,,es Terrain analysis; Trafficability; Tropical regions; Utility carrie

DDIM W ME AYU Unclassified
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"A °desk study was performed to determine the effects of vehicle and vegetation charac-

teristics (particularly vehicle width) on vehicle performance. The 1/2- and 3/4- ton,
8x8 vehicle concepts and the 1/2-ton, 4x4 N274A.2 Mule were included in the study, and
performance predictions were made for 150 wooded vegetation sites located in a variety
of environments. Vehicle performance was evaluated by analyzing the predicted perfor-
mance data obtained from the application of the WES analytical model for predicting
country performance. For this study, performance predictions were made in terms of
speed and delivery rate as & function of vegetation stem size and spacing and vehicle
characteristics only. The re.•ulte zf• the study revealed that the M274A.2, with the
narrowest wildth, lowest power, .a0 smallest payload, had the least number of immobili-
zations and the lowest average i- -ed and delivery rate; the 1/2-ton vehicle concept
,rith an intermediate width, power, and payload, ranked second in the number of immobil-
izarions, had the highest average speed, and ranked second in delivery rate; and the
3/4-ton vehicle concept, with the greatest width, power, and payload, had the highest
number of immobilizations and the highest average delivery rate. It was 4.so concluded
that the poorer performance of the 3/4-ton vehicle concept as compared to the 1/2-ton
vehicle concept may be offset by incorporating the General Electric Co. hydromechanical
power train described herein.

K(EYWORDS: Military vehicles; Mobility; Performance predictions; Performance tests
(Vehicles); Utility carriers; Vegetation factors
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13. AGSTRACT

As undersea techr. logy is quickening its pace, the need for ocean-bottom vehicles is
becoming increasingly obvious for many anticipated underwater activities, such as in-
spection of cables and pipelines, scientific exploration, end commercial eiploitation
(mining and farming) of and construction on the seafloor. Submersibles designed for a
three-dimensional environment, are inadequate for operation on or near the essentially
two-dimensional seafloor. In contrast to submersibles, ocean-botton crawling vehicles
are stable even while at rest, because they are in direct contact with the seafloor,
which also provides the necessary reaction forces to perfomn useful work. Some ocean-
bottcm vehicles are already available, and more are under construction; but a compre-
hensive study of seafloor trafficability and vehicle nobility has not been made. This
paper presents the state of trafficability and mobility knowledge as aprlied to onshore
vehicles, and discusses its applicability to the seafloor environments. The mechanical
and geoz,-trical pro:,erties of tht oc,.-n bottom are br'efly analyzad in the light of
trafficability conceits. Various runring scars are cc:pared as to their suitability
for the ocean bottor, and the!r advantages and disadvantv-es with respect to slope-
clibning ability, dra':bar pull, effect on turbidity, e:c., are presented. Since off-
road mobility research is ba;icall" e-pirical, definite conclusions cannot be drawn
without adequate suoport by labor:.torv and in situ testing. This paper is an outgirouth
of a U. S. Army Engirneer Watervays Exp:riment Station contract report for the U. S.
Naval Civi. rniineerin. Laboratory, in which rore details and a minimrum test propram
to establish a racional basis ior nobility prediction of ocean crauling vehicles cAn
be found.

KEYWORDS: Mobility; Ocean bottom vehicles; Trafficability
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1S. ASSTRACT

Data show the cone penetration resistance of fine-grained 30ils is proportional to
velocity and inversely proportional to cone diameter. An exponential equation based
on the velocity-diameter ratio~ is developed to describe the interrelation. The

exponent changes only slightly with soil type.

KEYWORDS: Cnne penetrometers; Fine-grained soils; Penetration resistance (Soils)
Soil penetration tests
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IS ABSTRACT

The analysis of linear viscoelastic layered systems under asy axially symmetrical,
time-dependent surface traction is presented. Inertial effects are disregarded, and
solutions are obtained for the normal, radial, and shear stresses, vertical deflec-
tion, and radial displacements at any point within the half space in multilayered
systems. Solutions in layered elastic systems first are obtained by using the Love's

stress function and the Fourier-Henkel transformation. Solutions in viscoelastic
cases then are obtained by using the elastic-viscoelastic correspondence principle,
in which the Laplace transformation is applied to replace the time variable with a
transformed variable, and thus change the viscoelastic problem into ar. associated
elastic one. The solution of the associated elastic problem, when transforme3 into
the real time variable, will give the desired viscoelastic solution. Sample numer-
ical results are presented. The analysis is an essential step in the development
of a rational method of design for flexible pavements, since such pavement systems
respand'in a markedly time-dependent fashion.

KEYWORDS: Displacement; Flexible pavements; Layered systems; Stress-strain
relations; Viscoplasticity method
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Laboratory tests were conducted to evaluate the accuracy and reliability of measuring surface in situ soil
water content and density by the backscatter and direct transmission nuclear methods using a single nuclear
device and scaler. The nuclear device functioned as a surfar- backs~catter moisture and density meter or as
a direct transmission density probe. To determine the accuracy of the nuclear measurements, it %% is neces-
sary to know the actua: density and water content of the test soil Boxes were f-.;ricated to exact dimen-
sions, filled with uniformly compacted soil, and weighed, and actual average soil density values were calcu-
lated. Five soil types were testerl to apprc-ximate a full range of possible construction materials. E~ach soil
type was tested at eight different densities and water contents. To obtain comparative results, soil densi-
ties of each sample were determined by two accepted conventional methods (sand-cone and water-ballocn)
for deterrnir'ing density in the field. Test results indicated that in situ densities determined by the direct
tiansmission nuclear mrethod using the factory calibration curve furnished with the devi-e were as accurate
as densities obtained by the sand-cone and water-balloon methods. T'he direct tranir-'.sson n-uclear method
usit-'. a WES-developed calibration curve provided slightly mote accurate density m-asurements than e'ther
conventional method. Densities determined by the surface backscatter nuclear method using both the fac-
tery calibration curve and a WES-developed curve were not so accurate as those obtained by the conven-
tional methods. Water contents were obtaiiied by nuclear means and compared with actual water contents
determined from ovendried samples. Using a WES-developed calibration curve, water contents obta..-ed by
the nuclear method were sufficiently accurate for mnost qualit-, control fieldwork. Wlater contents obtained
using the factory calibration curve were not accurate enough for field use. A test pro~edire for deterrnm-
ing surface layer density and water ccntent of soi bnuclear methods is presented in Appendix A
KEYWORDS: Measuring instruments; Aunclear methods; Soil density
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______________________________ LDepartment of the Navy
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China Lake, Californz

Gross surface material sue.gth coaditions were mapped on a worldwide basis and more detailed sur-
face strengt*h conditikns were mapped lo.ý South Vietnam to provide a source of data for design and
deployment criteria for missile and munitions systems. The top 15 cm of surface material, including
soil, rock, or snow, was mapped in torms of five cone index (CI) classes: >150; 75-150; 45-75;
0-45, soil; and 0-45, snow. Each areal delineation on the map was assigned an average CI cL-se for
each of three four-month periods duting the year in order to charavterize the seasonl climatic ef-
fects on soil strength. The world soil strength map is portrayed on a Goode's homolosmre projection
with an equatorial scale of 1:26,500,000, and the strength map of South Vietnam is portrayed on a
Lambert conforma- conik projection of approximately 1:1,750,000. Information used for the develop-
ment of tire mapping system was derived from 14 sources of soil strength, state-of-7grsd, climatic,
and soil morphological data. A planimetric analysis of world strength conditions is presented as
Appendix A.

KEYWORDS: Snow ctrength; Soil strength; Soil strength maps; World
maps; [South Vietnam]
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19. AOOTRA4T

One pneumatic wheel, four metal-elastic wheels, and two instrumented vehicles were lab-
I ~oratory tested in ý. fine said to determine their relative performance and to establish

a better understanding of' the basý_c principles of the interaction of very lightly loade
wheels with a soil whose properties were varied to include the probable range of lunar
Isoil properties. Programmed-slip tests were conducted with the single wheels and the
vehicles, the latter being tested on both slopes and level surfaces. Data indicate that
for loads less than about 220 N (501h), the. pull/slope-climbt.ng ability was constant for
%A given soil condition. At greater loads, the rate cf increarc in performance decreas
The effect of cohesion on performance was negligible at loads less than about 220 N
(50 lb), but the effect could be seen at higher loads. The results of tests with the
metal-elastic wheels showed that none could be relied on to propel a vehicle up a 35-
deg slope. Modifications of the Bendix and Grumman wheels enhanced their performance t
the point that they might be expectaod to climb slopes in excess of 30 deg. Tests with
modified Boeing-GM wheel~s indicsted that they might be u~sed on slopes up to about 25
deg on certain soil ccnditions. The power required, in whr/km, for operation of the
wheels on level and sloping soil surfaces was determined. It was demonstrated that dat

frmsingle-wheel tests can be used to predict the slope-climbing ability of a vehicle;
such predictions tend to be slightly conservative. Results of tests with the vehicles
indicate that the torque coefficient at a given slip was not significantly affected by
variations in surface slope and soil strength.

KEYWORDS: Laboratory tests; Lunar roving vehicles; Sands; Soil-wheel
interaction; Wheels
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is. &VSTRAcT

The validity of the assumption of uniform pressure distribution under a pneumatic
tire was checked in this study. Measurements of pressure distributions under pneu-
matic tires at their interface with firm surfaces and soft soils, previously made at
the U. S. Army Engineer Waterways Experiment Station, were used. Two tires (11.00-20,
12-PR, and 12-22.5, 12-PR) tested at three inflation pressures (104, 207, and 414
kNi/m2 ) and under wheel loads ranging from 6670 to 20,030 N were investigated. Stres-
cts and displacements were computed by the theory of ,3lasticity for various depths
in the half-space under loading conditions: measured, assumed uniform, assured para-
bolic, and assumed conical pressure distributi-ns. Lcaerally, the assumption of uni-
form pressure distribution was found to be unreasu..sole in cases of high-inflated
tires on a hard surface and on sands, but it was found acceptable in the other inves-
,'igated cases, including those for clay surfaces. However, the assumption of para-
bolic pressure distribution was found to be more realistic than that of a uniform one
for highenmflated tires on sands and for low-inflated tires with light load on loose
"sand.

KEYWORDS: Elastic media: Laboratory tests; Pneuaatic tires; Pressure
distribution; Stresses under wheels
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IS. ARSTNAC?

A ret'd ':f evaluating t~-e cross-zo-=tr:. rerforreance L'. ve'-i-ces using quantitative
descrinti,ýrz of: the terrain and a mvnia nde' th't re-ates terrain parame-.ers
to Vehicle n-erfcrnanze is prezentei. , -Ieaiver- index eq~uation is ir.tr:!d'::ed thrat
j-ivez r-~ u~ -.f cargo deliv,.er-- o-.er a arý2ci±'ied `.errair. for a specified =41ssizn

ýoi'siidcrir.'- speed made goo~d, 1c-i. rd u.lcadlina tine, sec:izinvc tine, crnuising
ran~ge, and 2ar~o capacity. ~The ve'-cle performance evaluation rrocedures are ilius-
trate1 by atjllyi:g them in a ccnpTaritive analy:sis of the --3f ana Th:61 zergo trt,:ks
traversini- selected terra-n3irs £nt:e ici',.ity of KGnon Kaen, 2haland'. 'Cuantitative
terrai!. -ars and nobility r~ars (in terms -f± steed made, rood) tl-RL weee .xed to e-va~u-
ate~ the re-lativ.e terforna~ces of '.-e and e5 re incl'2del. Arper.Exes presernt a
tentat.ivte zelecticr. of "standard terrains"5 that could be used in evaluati4:! relative
performarcez o-' vehicles and a f irjýt- -ene ration zorputer prof_-a-n for pretdi1ting s-.eed
perfornance. :t is recorr.ended that researc-*- be continue I to in-prove :'-e reliaz:iit`
and scote -.he ratheznatical zncode: for rredictinr vehicle =erformance a-.1 that areas
of the worla be selected and rapred as standard terrains for .Lse as performance
evaluation bases.

KEYORDS: Computerized models; Military vehicles; Mobility models;
Off road mobility; Performance predictions; Terrain factor
maps

PLACES00 r~5 415. 1 JAW 45. NIPCN SDD ruee"V411473 *6:0.6:: wo UrwWsE. Lrchsf
kecuwty clmseffkcate.

343



I .. DOCUMENT CONTROL DATA -R&D

es-tworty ri-stle.1 f tit~le.•O II bo, ol•f • absrctad fowdpl/hA o ea d" e met heet ered whom OwkNf~ e0De fl re• lo t o claeoloo/d

ORIGINA IM.G ACTIVITY (ColIp.e@ A00W~) ""ok ny R aPCU"1rtY CLAIOPICA ION

U. S. Ariny Engincer Waterways Experiment Station _ Unclassified
Vicksburg, Miss. RO•P

. NREPONT TITLE

TESTS WITH AN EXPERIMENTAL WHEEL ON CLAY

4. OCSCRIPTIVE MOUNOTErS (r. entpwg dad ihw.iv da%@4)

Final report
S. AU THONRIS (FIWE 0041 9 e Mf1uI, =016 UN )

Klaus W. Wiendieck

6. REPORT OAT9 E TOTAL 011. OF PAGES , NO. orMs

"December 1970 17 0!
ai. COWTRAC T ON GRANT NO. R e 6•MIATOWS *EPORT Nwom1eag

. PnOJECT NO. 4AO13001A91D, In-House Laborato -y Miscellaneous Paper M-70-8
Independent PJisearch Program •

*0 VISTRIDUTIOII STATEMENIT

Approved for Public Reloeot; Distribution Unlimited

11. SUPPLEMEUrANY NOTES Ia. SPONSORING MILITARY ACTIVITY

Assistant Secretary of the Army (R1D)
Department of the Amy
Washington, D. C. 20310

I". ADSTRACT

An extension of a previous study im sand, this report summarizes the test results
obtained on clay with an experimental wheel with controlled circumferential rigidity.
The test prcgram was carried out for the sake of completeness despite the fact that
the underlying principle of the experimental wheel was based upon sand properties
and, therefore, similar wheel performance variatioAs as a function of tire rigidity
distribution were not to be expected on clay. In addition, insufficient torque
capacity of the wheel-drive system prevented the performance criteria used in the
sand study from being applied in this study on clay.

The relation of pull/load to efficiency was the only feasible relation that could
be used in this investigation. As expected, no noticeable change in tire behavior
could be observed for rigidity pattern variations. Control of tire rigidity distri-
bution at ,the interface is not effective in clay. Although this conclusion is neg-
ative, ait confirms the earlier findings on the improvement of performace of the
wheel with controlled circumferential rigidity In sand.

KEYWORDS: ClAys; Laboratory tests; Rigid vheesje; Soil-wheel interactioL
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13. LESTRACTI
* ~Limited performance tests v.ere conducted with the X1759, 1-1/2-ton Logistical Carrier,

Amphibious, at test sites n~ear Vicksburg, Miss., and in Virginia in 1967, 1968, and
1970. The purpose of the tests was to provide personnel responsible for the overall
development program with some. urgently needed information on certain aspects of the
vehicle's performance such as steering capabilities in water, effects of slippery sur-
faces on slope-climbing capabilities of smooth (treadless) tires and bar- and chevron-
tread tires, effects of tread design on performance in marshland, effects of soil and
vegetation buildup, and other performance capabilities of lesser significance. Most of
the findings of these tests have been incorporated in the development program; this
report serves to document the data upon which the development decisions were made.
Generally, the findings were as follows. Bar-tread-design tires on the X1759 afforded
the best slope-climbing anea drawbar pull performances on wet clay surfaces. Perform-
ance of the XH759 was as good as or better than that of the M116 tracked cargo carrier.

* However, performance of the X1759 with bar-tread tires in marshlands was poor. Pilot
* vehicle (PV)5 modiciee. with 25x24-8R chevron tires and having a gross weight of
* 17,48C lb performed as well in marsh areas as PV4 with 24x21-6R smooth tires and having

a gioss weight of 14,030 lb. Appeniix A presents results of a laboratory study of the
effects of tread-plate configuration and surface conditions on traction.

KEYWORDS: Amphibious vehicles; Field tests; Mobility; Performance tests (Vehicles);
Slope performance; Soil buildup (Vehicles); Tire-tread patterns;

* ~Trafficability; Utility carriers; [P1759 (Vehicle)]
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.5. AUSTRACT

Tests were conducted with one wheeled vehicle to determine effects of soil
surface conditions on drawbar pull and to relate optimum drawbar pull to soil strength

as measured by a number of instruments. One hundred and six drawbar pull-slip tests
•re conducted with an M37 3/4-ton truck at a gross weight of 7240 lb One tire size

00-16, 8-PR), two tread patterns (smooth and nondirectional military), and two
tire deflections (15 percent and 35 percent) vere tested. Surface conditions varied

from dry and firm to vetted with small amounts of water to flooded. Asphalt surfaces
also were tested. Measurements of soil strength were made with the standard cone
penetrometer, multiprobe penetrometer, sheargraph, soil truss, and friction wheel.
Analysis of data indicated that the aultiprobe penetrometer and sheargraph show the
most promise as instruments fcr measuring surfr ce conditions and predicting vehicle
performance. Equations were developed for predicting drawbar pull based on deflectio
and soil measurements with the sheargrsa.h and multiprobe penetrometer.

KEYWORDS: Drawbar pull; Field tests; Hathematical analysis; Soil strength test
instruments; Soil-wheel interaction; Surface soil strength;
Trafficability; Trucks; [X37 truck]
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This report descr'.bes a method for rapidly determining the soil strength at forward-
area airfields. Through the use of dinensionless ground mobility parameters deve .oped
by the U. S. Army Engineer Waterways Experiment Station, soil strength indication, are
determined by measuring rut depths created by traffic of standard military ground ve-
hicles. This method enables reasonably accurate assessment of soil strength by per-
sonnel without special training and without the use of special instruments. If the
zoil strength existing in the forward areas is known, predictions can be made con-
cern:ig the ability of a particular site to sustain specific aircraft traffic. Iii-
tially, an office study was conducted that established the potential of such a
method. Then limited field verification tests were conducted vith four standard
militatry Cround vehicles, i.e. a l/A-ton 14151, a 3/1.-tonm 37, a 2-1/2-ton 435Al, :Lnd
a 5-ton 145, operated on a prepared unsurfaced heavy clay subgrade with % strength
of approximately 2 CER. First-pass rut depths were measured for each vehicle oper-
ated t'mpty and for all but the 455 with maximm cross-country loading. The result.-.
of this testing indicated the feasibility of predicting soil strength based on on(-
pass rut depth caised by military ground vehicles. This method can be used to pre-
dict the ability of a particular forward-area airfield to sustain specific small
aircraft traffic. It is recommended that further studies include operations of
aircraf't from actual landing sites on both clay and sand.

KEYWORDS: Military vehicles; Mobility; Soil strength; Unsurfaced
airfields
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IS. ABSTRACT

The purpose of this study was to obtain necessary data to validate or modify, if neces-
sary, existing soil strength criteria for the operation of high-performance Jet fighter
aircraft on unsurfaced airfields. Two specially prepared test sections were constructed
with four test items in each section. Test section 1 consisted of two lean clay test
items and two heavy clay test items. Test section 2 consisted of four items: clayey
san~d, lean clay, silt, and heavy clay. These test sections were trafficked with an
:7-4C-type loading, and the results were used to obtain criteria for operation of
fij:ntcr-type aircraft on unsurfaced soils. Skid tests were also conducted on these
test sections to simulate the effects .of braking on unsurfaced soils. Results of the
Lraffic tests indicated that existing criteria are adequate for use in designing unsur-
faced airfields for the rolling loads of fianter aircraft. Analysis of the skid test
data indicates thet unsurfaced. airfields constructed of soils with strength that is

L primarily dependen~t on the angle of internal friction may not be adequate to with-
stand maximum braking loads of fighter aircraft.

KEYWORDS: Bare base support; Fighter aircraft; Soil strength; lUnsurfaced
airfields
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so ASUISACY
X-ray examinations of fine-grained soils from the Lovter Mississippi 11alley revealed

numerous geologic features that are not visible to the unaided eye. These features in-
sidezgnificant fracture patterns, details of planar bedding, cross-laminations and

turbulece, secondary mineralizations, root penetrations and voids left by roots, the
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TProceed., Vol II.S~IF. 7•SSTRACTlSince ground water greatly influences penetration resistance of soil, an empirical

relation was established between the number of blows applied ".i the standard pene-
tration test to sand below ground-water level and the corresponding number applied
to air-dry sand at the same relative density. Also, since the number of blows was
found to depend not only on the relative density but also on the conpactibility and
the grain size of the penetrated sand, an empirical relation was developed between
the number of blows and the relative density, with compactibiiity and mean grain.
diameter taken into account. This relation was verified by results from laboratory
tests conducted with a small static penetrometer.
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IS. AIISTRVACT

The deformation and flow characteristics of a near-saturated fat clay under penetration
were studied. Penetrations were made in a 50.8-cm-diam mold with a circular cone, a
circular plate, and two rectangular plates at speeds ranging from 0.004 to 5.6 cm/sec.
The strain, strain rate, and velocity fields in the soil were calculated from the soil
particle movements, determined by measuring the displacement of pellets embqdded in
the soil before penetration. Actual soil flow patterns determined from velocity fields
were studied. It was found that if the deformation energy of the soil were assumed
equal to the penetration energy, the former could be obtained by integration over the
affected volume of the deformed soil. The penetration resistance was thus computed on
the basis of the Von Mises yield criterion and compared with the measured penetration
resistance. Computed and measured penetration resistance values were markedly differ-I ' ~ent; this ca'sts some doubt on the applicability of the Von Mises equation to results
of tests on clay under penetration and on the computational procedure employed.

KEYWORDS: Clays; Laboratory tests; Penetration resistance (Soils); Penetrometers;
Soil penetration tests
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If- SUPPLEMENTARY NOTES IIS. SPONSORING MILITARY ACTIVITYI $9. ASSTRACT

Two candidate wheels for the Boeing-CM Manned Lunar Rover Vehicle, one fabric-
covered and one constructed of open-wire mash, were tested for mobility performance
in a fine Four levels of sand strength, representing cohesion values ranging

from zero to 0.'. psi, were used in the tests, The cohesional and frictional proper-I ties of the sand spanned a range that is believed to include the probable range of
lunar soil properties.

Adynamometer systen was used to conduct programmed-slip tests with the wheels. The
slip was varied from a negative slip of 15'a to a positive slip of 100'e. The wheels
were tested at the average design load (59 lb) and at 75 and 125% of that load, so
the insluence of load imbalance and dynamic load transfer could be assessed. The
average speed at 0 percent slip was 3 ft/sec.

The test res..lts show that the covered wheel was able to achieve the desired
tractive' performance (pull/weight ratio =0.47, equivalent to climbing~ a 25-deg
slope) in the two strongest soil conditions, but not in the two weakeIst ones. The
open wheel was not able to achieve this tractive performance in any of the soil
conditions tested. In the same soil condition, the maximum pull/weight ratio for
the open wheel was consistently less than that for the covered wheel.

KEYWORDS: Lunar roving vehicles; Sands; Soil-wheel interaction; Wheels; [Boeing-GM
Lunar Rover Vehicle]
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Is. AQSTRACT

Event Dial Pack, a 500-ton spherical TNT charge tangent to ground surface, was deto-
nated on 23 July 1970 at the Defenct. Research Establishment, Suffield (DRES), Ralston,
Alberta, Canada. Project LN309: "Effectiveness of Craters as Barriers to Mobility,"
was included in the program of United States sponsored projects pertaining to the event.
The objective of Project LN309 was to determine the degree to which a crater and its
associated ejecta field constitute a physical barrier to the movement of military vehi-cles. Four terrain units in thc crater and ejecta area were delineated as significant
to around mobility and describ'd in terms of soil strength, soil moisture content, sur-
face configuration, ejecta depth, and areal extent. Performance test data obtained
with an M37 3/4-ton truck and an MIL3Al armored personnel carrier were used to deter-
mine performance degradation in each terrain unit. Vehicle performance in the terrain
units identified was predicted using the necessary elements of the Waterways Experiment
Station analytical model for predicting off-road vehicre performance, and measured ard
predicted values for four performance parameters (drawbar pull, go-no go, motion re-
sistance, and speed) were compared. The accuracy of the predictions was acceptable for
all performance parameters except that the speeds predicted for the terrain unit (outer
lip) that provided the least resistance to motion were higher than the measured values.

KEYWORDS: Crater ejecta; Craters; Explosion effects; Military vehicles; Mobility;
Obstacles; Performance predictions; Personnel carriers; Terrain analysis;
Trucks; [Dial pack (Event))
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Department of the ArM, Washington, D. C.

This report summarizes published results and personal comments of a number of re-

searchers vho have used synthetic soil mixtures. It also contains a small amount of
data collected at the Waterways Experiment Station. In general, it can be said that

Sv~hereas synthetic soils may be usef~ul in some lim!-ed sense, they do not offer the

panacea that earlier researchers llaimed 
or hoped for. The engineering properties of

many synthetic mixes may be more ctependent on temperature and rate of loading than

those of soil-rater mixes. It is concluded that the usefulness of synthetic soils in

engneering research is rather limited, and it is recommended that any researcher

thoroughly study the behavioral pntterrs peculiar to a particular synthetic mix he ,may

plan to use lest the utility of the information produced be restricted by them.

KEYWORIDS: Engiueering research; State-of-the-art Studies; Synthed:c

soils
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it. A6:TRACT

This report explaIns how the user can operate the cross-country locomotion model in a
conversational mode using a teletype connected to a GE-4i35 computer. The analytical
model permits the user to predict the performanze of any specified conventional ground-
contact vehicle over any s,.ected terrain in terms of average 3peed in miles per hour,
average fuel consumption in gallons per mile, and delivery rate in ton-miles per hour.
1"he computer code, written in FORTRAN IV, consists o~f a main prcgram and three sub-
routines.' The first subroutine, AREAL, considers terrain characterized by a specific
combination of slope, soil strength, and homogeneous distributions of trees and micro-
geometry features; the second subroutine, LINEAR, considers elongated depressed fea-
tures such as streams, ditches, etc.; and the third subroutine, SPEflIF, considers sur-
face irregularities of uniform or nonuniform :ize, shape, a.nd spacing. Use of the main
program and three subroutines is demonstrated b.- examples. These examples were ob-
tained by utilizing data files compiled for five militziry vehicles and terrains
selected from data files or input as requested b,., the subroutines. The user has the
option to substi *e new values for selected vehicle characteristics as an aid in
vehicle design s,.idies.

KEYWORDS: Computerized models; Military vehicles; Mobility models;

I Performance predictions
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Is. &**TRACT

The AM~ Analytical Model for Predicting Cross-Country Vehicle Performance was used
in this study to investigate the effects ot design changes an performance at existing

v.:~'Ac le . . existing vehicles were examined in 30 different terrain units. The
two vehicles selected were the M35A2 (modified) Gx6 2-1/2-ton truck and the Mll3Al
armored personnel carrier. Arbitrary design changes that were made on tour principal
vvhicle characteristics--gross weight, size ot tirobs or track, suspension systems, and
powe~r plant--resulted in a total at 18 different vehicle versions, 9 wheeled and
9 tracked. The 30 terrain units, 20 in tine-grained soils and 10 in coarse-grained
so-1s, represented.& fairly wide range at terrain conditions. The data and aralysbs
..#nmorwtrated the ability ot the analytical model to predict the eftects at spec if ic
dezi~m, changes and showed how the ettects varied with terrain conditions. Hence, the

s.tudy show~ed that a knovledge! at the terrain is essential to the evaluation of any
4?i change. The study also painted out that rarely will one design change improve
tipertormance at a vehicle In all terrain conditions and that the model can be

~~-j;...- as a dedign tool to specify the scope at terrain in which a vehicle emy be ex-
pc ~ted to operate. The study demonstrated the improvement in performance to be
e . -,!ted in saw. terrains trom a design change, but it also pointed out the degrada-
ti.oc er pprformance in other terrain conditions.

KEYWORDS: Military vehicles; Mobility models; Off-road mobility;
Performance predictions; Personnel carriers; Terrain;
Trucks; Vehicle design; (M35A2 (Vehicle); Mll3A1 (Vehicle)]
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1111 SUPPLEMChTARV NOTES (Ia. SPON9ORING MHILITARY ACTIVITY

George C. Marshall Space Flight Center
National Aeronautics and Space Administra-

________________________________tion, Huntsville, Alabama
13. ADSTRACT

A one-sixth scale model of the Lunar Roving Vehicle used in the Apollo 15 mission was
built and instrumented to conduct model studies of vehicle mobility. The model was
free running under radio control and was equipped with a lightweight telemetry trans-
mitter that allowed 16 channels of data to be gathered simultai.'iously. String pay-
out and fifth-wheel devices were developed to measure vehicle velocity. Other real-
time measurements included wheel torque, wheel speed, center-of-gravity accelerations,
and steering forces. Calibration, operations, and maintenance procedures were
worked out. Details of the development of the instrumentation, its maintenance, some
of the proolems encountered, et. are recorded in this report to serve as a
preliminary o~perations and maintenance manual for this specific model. In addition,
information regarding soil processing and testing that may be useful to NASA
personnel planning mobility research with the model in soil is furnished.

KEYORDS: Laboratory tests; Lunar roving vehicles; Mobility; Scale models
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Washington, D. C.

tO.- ASTyRACT

Laboratory tests were conducted to determine which method of obtaining five different
soil-to-rubber shear measurements with two rotary-shear devices, a Cohron sheargraph
and a spline shear device, would produce the most consistent measurements or quan-
titative indexes of surface s&il strength. The tests were made at 34.5-, 68.9-, and
103. -k/A 2 normal pressure's on a fat clay whose surface moisture content ranged from
26.5 to 45.9 percent. It was found that peak shear measurements for the full range of
soil strengths used could be obtained only at the normal pressure of A.5 kNl/m be-
cause of excessive sinkage of the shear head at the higher normal pressures In the
softer soils. The peak shear measurements with the Cohron sheargraph, with an in-air
calibration, at a normal pressure of 31.5 kl/m2 were the most conaistent and are
recomended for further stuOy to determine twir validity in surface condition-
vehicle performance rteearch.

KEYWORDS: Laboratory tests; Mobility; Soil strength test instruments;
Surface soil strength
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55.£UTRETThis report presents datta on the design, construction, and calibration of

various types of proving rings and frames used for determination and direct readout of
forces or loads in laboratory and field tests on soils and other relatively weak ma-
terials. The first part of the report presents equations and diagrams for determina-
tion of deflections and moments in thin circular rings, ring segments with bosses,
elliptical rings, flattened rings, rectangular prcving frames with thin or thick end
sections, and compound cantilevers. Some of these equations can be found in handbooks
and textbooks, but other equations are not readily available and were developed by ap-

secnd artof hereport deals with the infl.uence of several secondary factors, such
alagdeomtoswhich ca as prcal uvtr fteclbaindia-
gras. igoousequations for thick rings yield data on corrections for relatively
thic deice. Epirical dtao fillets and stress concentrations are presented, and
theappoxiatestiffening effect of fillets is estimated by 'se or a simplified theory

In which only angular deflections caused by moments are considered. The influence of
misaignmntere"andbysteresis), and temperature variations is discussed briefly.
The asttwoput ofthe report present examples of single and compound proving rings

adframes proposed for use or actually used in testing equipment. General design pro-
cdrsusing the basic equations are proposed, and data are presented on suitable ma-
terals inludngrecent alloy steels capable of age or precipitation hardening, ftich

eliinaes hedistortion often caused by heat treatment and quenching of other steels.
Toofinl sctins ealwith rough calibration before hardening and final machining a&M

corectonsofdimensions if needed, which are followed by repetitive loading to
sligtlyaboe te rtedcapacity before the final calibration In order to decrease the
effctsofhysereisand cramn and the possibility of zero shifts.
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Is. ASSYRACT

This paper presents techniques for analyzing relative surfacing requirements for
container-handling equipment. Its primary object is to emphasize the importance of
evaluating the effects of vehicle characteristics on surfacing requirements prior to
procurement of specific vehicles. At the present, cross-country mobility and the ef-
fect that vehicles have on bridges are the only military engineer'-ig considerations
that have had a major influence on equipment design and selection. Container-handling
equipment is broken down into five major categories: forklifts, straddle carriers,
yard gantries, mobile cranes, and tractor-tri4lers. Examples of each of these cate-
gories plus the LARC IX amphibian were evaluated for operation on four different sur-
faces. The Waterways Experiment Station VC1 system was employed to determine their
ability to operate on beaches and soils of limited strength. The criteria for opera-
tion of aircraft on unsurfaced areas were used for medium- and high-strength soils,
and criteria for the design of military roads and airfields were employed in the anal-
ysis for teAl landing mat and flexible pavement. Results of the study indicate that
exceptionally large amounts of engineering support will be required for some types of
equipment such as the large mobile cranes. None of the equipment was particularly
suite! to beach operation although it would be possible for some items to operate with
limited payloads on dense sands. The teA1 light-duty landing mat was found to be
satisfactory only for two types of equipment and for periods of limited duration. The
study also pointed out the need for a better understanding of traffic patterns within
container storage areas and the statistical distribution of gross container weights.
KEYWORDS: Lontginer handling vehicles; Mobility; 0ff-road vehicles;, ice ulrements- SurtaCb~us .• • ••va .. jtoi
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St. SUPPLEMENTAAY NOTES 112. SPONSORING MILITARY ACTIVIT-0

U. S. Army Engineer Topographic
Laboratories
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"I". ABSTRACT The soil moisture strength prediction (SMSP) model is a comoosite of the

methods developed at the U. S. Army Engineer Waterways Experiment Station for predict-
ing daily soil moisture contents and strengths (in terms of cone index and rating cone
index) of soil layers at depths of 0-15 and 15-30 cm. Information required by the
model includes soil moisture accretion and depletion relations, field ma:imum and mini-
mum soil moisture contents, moisture content at start of prediction, soil dry density,
soil moisture-strength relation, daily rainfall amounts, and minimum rainfall amount
reuiredi fO. accretion. Ti-is Ir o•',ation can be obtained from one or more of tbrce
sources: (a) directly from =easurements at a specific location; (b) indirectly from
estimated or averaged data derived from field measurements, literature, or empirical
equations built into the model; or (c) indirectly from a surface composition group
classification that closely follows the Unified Soil Classification Systes.. r". -
puter program for the model is written in Fortran IV conversationzl mcwie for use on a
teletype connected to a Honeywell-GE (General Electric) Wu•O computer. Output data are
sto-edt ix permanent files for use by other performance prediction models, for printing,
or for input to plotting programs. The main text of the report includes a discussion
of the structure, operation, use, limitations, and mathematics of the model. Appendixes
A-G include detailed flow charts and listings of the computer program; listings, organi-
zation, and format of input data; examples of prediction runs and graphic displays of
results; and procedures for converting output data to terms required by the airfield
construction effort model.

KEYWORDS: Computerized models; Soil moisture prediction; Soil strength prediction;
Terrain models (Anal tical)
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A technique based on the U. S. Arny Engineer Waterways Experiment Station mobility
prediction system yas developed for predicting powesr requirements as e. function of
system output (pull coefficient) for a given wheel equipped with a pneumatic tire
operating on clay and in a range ~rcm towed to 20 percent slip. In addition,
separate relations of system output and system input (torque coefficient) as fume-
tions of slip can be predicted. Comparisons with data from vehicle field teats show
fair to good agreement between measured and predicted performance parameters.

KEYMWRDS: Clays; Mobility; Performance predictions; Pneumatic
tires; Soil-wheel interaction; Wheels
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U. S. Army Materiel Command
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This report describes a method for application of the WES VCI/hCI criteria to
helicopters and related ground support equipment. Through the use of ground
mobility submodels developed by WES and the soil strength requirements determined
for one helicopter (CH-i.7A), comparative performance capabilities are determined
on the basis of wheel siets and loads and sinkage into the ground. Estimaates are
made Of the Performance requireumets of the AH-56A helicopter, and the application
Of drawbar-pull capabilities of selected ground vehicles to towing the AH-56k are
presented.

KEYWORDS: Ground support equipment; Belicopt~tre; Rat Lug cone Index; Vehicle cone
index; AH-56A helicopter; C*47A helicopter
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Defense Nuclear Agency
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IS AINTRACT

Event Mixed Company I11, a 500-ton TNT surface charge, was detonated on 13 Novem-
ber 1972 at Grand Junction, Colorado, near Glade Park. Project LN305, "Effectiveness
of Craters as Barriers to Mobility," was included in the program of projects sponsored
by the United States pertaining to the event. The objective of Project LN305 was to
determine: (a) the degree to which a crater and its associated ejecta field consti-

tute a physical barrier to the movement of military vehicles, and (b) if the crater
was impassable, the amount of engineering effort required to construct a passable
route for the vehicles under consideration. F've terrain units (including the origin

surface) in the crater area were delineated Ps significant to ground mobility and were
described in terms of soil strength, soil moisture content, surface configuration, and

ejecta depth. Go-no go mobility tests were conducted with two tracked vehicles (an
MII3Akl armored personnel carrier and an M6OAI tank) and one wheeled vehicle (an M561
l-i/

4
-ton cargo carrier). The vehicles were operated easily in all the terrain units

except terrain unit 4, the crater wall. 'he crater wall of test lane B was impassable
for all the vehicles until the steep slope (66 percent) was graded to a 47 percent

slope. The grading required 12 minutes with a TD 20 bulldozer. All vehicles ex-
perienced approximately the same degree of difficulty negotiating the crater walls
(terrain unit 4).

KEYWORDS: Crater ejecta; Craters; Engineering effort; Explosion
effects; Field tests; Military vehicles; Mobility; Terrain
analysis' M6OA1 taf; .•13A], carrier; M561 carrier; Mixed
Comnanv TI (Event I stac es
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Project DIMOND ORE Phase IIA consisted of the detonation of three 10-ton charges of

aluminized ammonium nitrate slurry at different depths of burst (DOB) and steming

conditions near Fort Peck, Montana, in October 1972. The purpone of the investigation

described herein was to determine the effectiveness of the three craters as barriers

to the performance of an M48A2 tank. The unstenmed charge at optimun DOE that formed

crater IIA-1 created a marginal condition of "go-no go" for the tank. The stemmed
charge at optimua DOB that formed crater IIA-2 and the stemmed charge at approximately
one-half optimum DOB that formed crater IIA-3 created definite barriers to the tank.
There were indications that a more effective barrier for the tank was produced by the
steamed charge at approximately one-half optimum DOB than by the stemmed charge at
optimum DOB. The time required for a D-9 tractor to make crater IIA-3 passable for
the M48A2 tank was 1 hour.

KEYWORDS: Ocaters; Explosion effects; Military vehicles; Mobility;
Obstacles; Tanks (Combat vehicles);[Diamond Ore (Project);
M48A2 tank]
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II 9UPPLEmaNTART NOTES III. SPONSORING WILITARY ACTIVITY

IU. S. Army Materiel Command
stui wasmad to eteminetheWashington, D. C.

A ruiyw'a mae t deermne hefeasibility of using an airborne laser profilometer
system to rapidly appraise selected unprepared landing sites. Evaluation of terrain
routghness was 7'ade in terms of nierorellef, slope, and obstructions. Laser profilom-
eter 'latan were collected at 12 test areas th-:!t orovided variations in surface geonetry,
vegetation cover, and other natural and man-ruade features. The inherent characteris-
tics of the laser profilomcter system and1 the extraneous noise present in the laser
profilometer output prevented a direct quantitative comparison of the la:ser prof i-
lomneter output and reference profiles of the terrain. To overcome this difficulty,
a procedure was developed for interpretinE thle laser profiloneter output to obtain
an interpreted terrain profile for comparison with reference profiles. A total
of 17 soecifi'2 terrain features at the 12 tect areaso were chosen for analysis of the
capibilitie,% of the laser profilometer cyz-tem. Comparisons of the dimensions of the
fpatures ao measured on the interpreted terrain profiles and reference profiles showed
that the ne5,-ht of terrain features could be measured with a nrobnble e'rror of +4. in.

a and a maxirtun error of approximately 12' in. The ability oi' the laser prof ilometer
system to measure terrain :,lope was evaluated uy comsparinr measurements of the change
i n elevation over a 32'8-ft intierval as obtained on laser profilometer outputs aind
photo,,rammetric reference profiles. The laszer profiloneter system did not accurately
measure terrain c-lope in direction (4. or -ý or magnitude.

KEYWORDS: Field tests; Lasers; Microgeometry; Prof ilometers;
Terrain; Unsurfaced runway performance and evaluation
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Ai- Force Armament Laboratory
Eglin Air Force Base, Fla.

Is. AGSTRACT

A study was conducted to assess the probable off-road performance of a munitions
transfer truck (MVT) using the U. S. Army Materiel Command Ground Mobility Model
(AMC-71), which is designed to predict mobility performance of vehicles operating
on off-road terrain. Performance of the HTT was assessed tuder three loading con-
ditions on one off-road transect each in West Germany, Thailand, and Arizona. Re-
sults show that for the three transects, the ?4T would be unable to negotiate from
2.4 to 21.5 percent of the traverse distances, depending on vehicle load and season
of the year. These no-go's would be caused by traction available from the terrain
being less than the vehicle required. The results also show that the speed of the
.T would be limited to 2-5 mph over most of the terrain on the three transects.
Vehicle speed would be controlled chiefly by ride dynamics and acceleration and
deceleration between obstacles.

KEYWORDS: Mobility; Ride dynamics; Terrain; Trucks; Vehicle
pei:formance
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10 AUSTRACT

The study reported hereini was undertaken to evaluate the imp,.~ of mz-litary trans-
portation activities u~pon related environmental attribrutes. The wilitaryj activities
v4,re re2atcc'. to their impact (,these attributes by means of a matrix. This matl.-x
uzed a scale to id-.ntify the magnitude and probability of the impact. Additionally,
known mitigation and abatezaent practices that can be U.3ed to manunaize adverse environ-
mental1 impaccs were identi-fied and briefly described. The ')rincipal conclu.Aon ;..as
that this technique. provided a first approximation for assessing the effect of military
transportation on the environment. It is recommended that i'unding be provided to:
(a) exploit existing da 'ý to generate quantitative relations to be used in developing
environmental impact statements and (b) finance researco in those areas for which the
need to quantifyv exists and the lack of data has been acknowledur2oI.
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I1. *UAPL•MNfTARY NOTES III. ONSOING UILITARY ACTIVITY

Air Force Weapons Laboratory
Albuque-7que, New Mexico

Two single aircraft tires (20-20, 22-PR and 49-17, 26-PR) and three standard
military trucks (M715, -lA-/-ton; M35A2, 2-1/2-.on; and M51, 5-ton) were tested under
towed (nonpowered, nonbraked) and self-powered conditions, respectively, in buckshot
clay test beds whone strengths ranged from about 110 to 600 cone index. Tests in-
c]uded multiple pa,-es over the prepared test beds (usually 100 passes for the air-
craft tires, 10 for the trucks) at low speeds. Only single-wheel configurations were
exemined (i.e., outer second- and third-axle wheels of the M35A2 and M51 were re-
moved). Curves were developed to allow soil strenGth (airfield index) to be estimated
directly from the rut produced Ly single or multipil passes of any of the three
trucks. These curves were developed through use of a 0imensionless prediction term
(tire-clay numeric Nc) that allows pneumatic tire performance to be scaled over a
wide range of soil strengths, wheel loads, and tire size, shape, and deflection con-

* Iditicns. The same numeric was shown to be capable of describing multipass rut depth
and towed coefficients for the aircraft tires, as well as multipass rust depth for the
trucks. Examples illustrate how airfield index (AI) estimated from truck rut depth
can easily be used with curves that describe the N, versus rut depth and towed

, force coefficient relations for aircraft tires to predict multipass aircraft tire
performL.nce. Appendix A shows that values of AI estimated from tri.ck rut depth can
be converted to Ca] ifornia Bearing Ratio values and used as input for n homograph
description of aircraft operation on unsurfaced soils.

KEYWORDS: Aircraft tires; Clays; Military vehicles; Mobility; Pertormance preoictions
Pneumatic tires; Rut depth; Soil stiength; Soil-wheel interaction; Tirt
Performance; Trafficabilit rcs M52M1M1,% A ks. €1iM52M.1M71
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$I - SWPP6EMENTARY NOTES S. PONSORING MILITARY ACTIVITY
Conducted by WES and USATAC. Directed by Armored Reconnaissance Scout Vehicle
U. S. Army Materiel Systems Analysis Agency, Project Manager
Aberdeen Proving Ground, Maryland U.S Arm TankAutomotive Command

Two study areas (FKl and FK2I), totaling approximately 11 sq miles were selectee at Fort
Knox, Kentucky, for comparison with a previonaly mapped 60-sq-mi sample of terrain in
West Germany (WGT) and a&3 potential areas tor field tests with the prototype Armored
Reconnaissanice Scout Vehicles (ARSV's) and comparison vehicles. Areal and linear
teranB ata from 119 sites, aerial phiotographs, and other pertinent information were
used to prepsare the Fort Knox terrain factor complex maps. These areal mapz describe
the terrain chuaracteristics that affect vehicle performance, i.e. soil typa., soil
strength, topographic slope, obstacles, vegetation, surface roughness, and visitility.
The liniear terrain factor complex maps describe the terrain characteristics that
determine "go or no-go" vehicle performance, i.e. linear feature geometry, water depth,
and water velocity. The Fort Knox study areas and the West German transect were
compared on the basis of general descriptions (land physical characteristics, land use,
etc.), areal and linear occupanoy and occurrence of terrain units and terrain mobility
factors, and parameters (i.e. vehicle speed and performance diagnostics) reflecting the
combined effects of the terrain upon the mobility performance of the M1l4AlEl armored

command and reconnaissance carrier and the M151A2, 1/4-ton truck, as predicted by the
AMC-71 mobility model.

KEYWORDS: Military bases; Mobility; Reconnaissance vehicles; Temperate regions;
Tcrrain analogs; Terrain analysis; Terrain factor maps; Trucks; [Ft. K~nox,

KentuckyJ
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11. SUPPLEUKN1?ANV NOTES I.SOSRN HIIAVASVIU. S. Army Tank-Automotive Conmmand

IS. ASITRACT 
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The interim Wheel/Track Convertible Test Rig, a unitnuely saiepended &P8 wheeled vehicle
that uses wrap-around tracks for improved performance, was , ted in a variety of
terrain conditions at Houghton, Michigan, and at Vicksburg, o'.ssissippi, and in soil
bins in a facility at Vicksburg. Tests were conducted to: evaluate th~e feasibility
of the concept, determine if the track would stay on, obaerve interaction at the
wheel-track interface to determine any possible slippage, determine ride and handling
characteristics of the Wheel/Track Test Rig, which uses powered road arm suspensions,
and evaluate and compare performance of the Teat Rig with that of other available
vehicles in tests on trails, cross-country tra~verses, special terrain, and laboratory-
prepared Poils. The Wheel/Track Test Rig per Tn-med well in x variety of terrain con-
ditions; generally its performance equaled or ex!:ceded the performance of both wheeled
and trac~ked comparison vehicles. Vehicle ride ani handling characteristics were con-
sidered better than those of the comparison vehiclts. Test rig performance in soil in
the wheel mode was impressive: a drawbar pull/weight coefficient of 0.96 was obta~ined
on a clay soil prepared in the laboratory to a strength of 66 RCI, and a field experi-
mental one-pass vehicle cone index of 11 was obtained. No wheel-4 rack slip occurred

* during any of these teats, including teats on soft buckshot clay in which the '%'hicle
running gear accumulated 1600 lb of mud (on a 6700-lb vehicle). Based on these tests,

L ~the Wheel/Track Convertible locomsotion system is practicable, and the ride, handling,
and per.lorusxtoe of the Wheel/Track Test Rig suggest advanced testing, following any
future design modifications. Appe.ndix A pesents te. plan of tests followed in program
KEYWORDS: Field tests; Laboratory tests; Militr vehicles; Mobility; Soil-track

4 
nto4nt yo.p-rakdvhiclesd Houg~hton, Nich,; Vicksburg, Miss.]
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Preliminary tests of scale-model billdo07r blades were conducted to
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experimental difficulties, determined In retrospect, rendered the results
inconclusive.
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design relations for vehicles being developed for materials handling, which
will ensure the &ttainment of the required mobility. Maximum drawbar pull,
maximu slope negotiable, and towed motion resistance tests were conducted on
the beach backshore and dune areas. Sand data such as cone index, surface
slope, and classifications were collected with each test. Nimerous tire in-
flation pressure and axle load variations were tested for each vehitle.
Standard-ply and radial-ply tires also were tested. Measured vehicle per-
formance us compared to performance predicted by using existing mobility
prediction formlas. he analysis of these comparisons indicates that changes
are not needed in formulas to predict maximum drawbar pull, maximu slope
climbing capabilities, or towed motion resistance. An adjustment factor for
radial tires is indicated for all prediction formulas. The analysis ls in-
dicates that research needs to be conducted to determine effects of unequal
axle loads and different inflation pressures, front and rear, cn performnce.
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Data were collected by the U. S. Army Engineer Waterways Ekperiment Station to

characterize sections of gravel roads and courses selected for testing in con-
junction with a U. S. Department of Agriculture, Forest Service, tire wear-
road deterioration study. The primary purpose of the study reported herein
was to describe, in quantitative terms, the surface and subgrade of selected
sections of unpaved road surfaces in Oregon representative of logging roads in
the western United States. Data also were uolltcted on one road and one test
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20. ABSTRC7T (Continue i

cc.rse .:eva'ih. Data :u..:aries are present,.d in tables. Table I 3ists
road data associated wi,: tr c ;'eLicle tire -:e3r-road deterioration tests,
&-d table 2 presents adltional data for a lesser number of selected road
test sections and one tezt course. The data include identification of surface
type according to the Fcrc.t Service scheme; values of gravimetric ant nuclear
moisture content and density; volume, depth: and moisture content of loose
surface materials; soil strength in terms of California Bearing Ratio and cone
index; and material classification according to the Unified Soil Classification

System. The results indicate that the road sections selected for the tire
wear-road deterioration study represent a fairly wide range of surface char-
acteristics for which data were collected. Observations revealed that the
maximum safe speed that could be attained on the roads by the test vehiclea
was controlled primarily by curvature-visibility, grade, and roughness, in that
order. It is recommended that road deterioration and performance criteria be
established, and that tire wear and/or road deterioration state-of-the-art
studies be conducted, including the formulation of fList-generation analytical
engineering model(s) to account for pertinent tire wear, road dererioration,
and vehicle-road interactions in a systematic manner. Appendix A presents
results of tests conducted to measure the ride quality of two vehicles used by
the Forest Service in lo~ginj operations. Appendix B sets forth the study
requirements as defined by the Forest Ser.'ice.
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Two test courses (FKDC and FVC) at Fort Knox, Kentucky, totaling approximateiy
37.4 miles of roads and trails that had been used for conducting vehicle tests
with Armored Reconnaissance Scout Vehicles (ARSV's) and comparable vehicles,
were mapped by techniques developed by the U. S. Army Engineer Waterways
Experiment Station. The factors mapped were soil type, soil strength, topo-
graphic slope, obstacles, surface roughness, and visibility. Standing
vegetation was not present on any of the trails. The study also included
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20. ABSVACT (Contimied).

a limited comparison of the two test courses (FKDC and FKIL) with other Fort
Knox terrains (FK1, FK2) and West Germany terrain (WCT). FKiI, FM., and WG!
were mapped in previous studies on the basis of the single factors used to
describe thece test courses, i. e. soil strength, slope, surface roughness,
obstacle nagnItud&, and visibility. It was concluded that the surface
strengtha of FKDC and FKM are greater than those of FK1, FK2, and WGT. The
slopes in FKMC and FKME are similar to those in FK2 and WGT. The surface
roughness axl obstacle magnitude are greater in FEW than u any of the
other areas. The obstacle vertical magnitude factor classes are greater for
FM2 than for FXDC or WGT. The .risibility is somewhat similar and quite good
.4.n all the areas considered. Based on the five factors considered (soil
strength, slope, surface roughness, obstacle 4ertical magnitude, and visibil-
ity), FMJC is more similar to WGT than is FMC, and FXNC s- more similar +•,
FK2 than to FX1, FKDC, and WGT. It is recommended that the A14M-7l Hobi!lUty
Model be used to compare speed performanze of the AMS vehicles and comparison
vehicles over the test .courses.
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20. ABSTRACT (Continued)

units in each crater and ejecta area were delineated as significant to ground
mobility and described in terms of soil strcigth, soil moisture content, sur-
face configuration, ejecta depth, and areal extent. The test vehicles (i.e.
the M60 tank, the MI13AI armored personnel carrier, and the M715 cargo truck)
iould operate with ease in all the terrains except the crater wails (Terrain
Unit 4) and the crater floors (Terrain Unit 5). The crater walls were impass-
able for all the test vehicles because of steep slopes, and the crater floors
of all the craters were impassable for the M60 and M715 because of soft soil
condxitons. The MII3AI could operate on the crater floors of all the craters
except the 12-MS. The engineering effort (time required by a D8 bulldozer)
to make the craters passable for the test vehicles was 2.33 hours on the
12-MS crater, 3 hours on the 12-MPS crater, 2.17 hours on the 6-MS crater, and
3 hours (estimated) on the 6-MU crater. Degradation of vehicle performance in
terms of drawbar-pull coefficient and speed increased for all three test
vehicles in each terrain unit from the original surface to GZ. On the basis
of degraded area per charge yield, the 6-AU crater was the most effective for
all three test vehicles. The 12-MPS crater was the least effective for the
MII3AI, and the 12-.MS crater was the least effective for the M60 and M715.
Vehicle performance in the terrain units was predicted using tho U. S. Army
Materiel Command Ground Mobility Model (AMC-71) for predicting off-road vehi-
cle performance, and measured and predicted values for four performance param-
eters (drawbar pull, go-no go, motion resistance, and speed) were compared.
The accuracy of the predict.'ns was acceptable for all performance parameters
except vehicle speed in the crttered areas.
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A study was performed to provide terrain description, vehicle mobility, and
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Middle East and the other in West Germany. These data were then to be used as
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were obtained for both tanks at the driver's and the tank ccmmander's positicns
with the main gun in the forward-free and the aft-locked positions. The tests
were conducted in inclement weather on wet, muddy courses, which limited the
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were rarely attained. The data were extrapolated as necessary to develop the
terrain-limiting speed relations required for computer combat effectiveness
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able, the basis for the evaluations focused more on direct comparisons of the
various ride levels that were reached. Daca, which are illustrated in the form
of tables and graphs, indicate that there is no significant diference in the
ride qualities of the two tanks, although the tanks' occepants insisted that
the M60AIE3 gave a better ride. Other conclusions are ttat ride quality is not
affected by rotating the main gun from the aft-locked potition to the forward-
free position. Also, there is no distinct difference between the vertical
absorbed power at the driver's seat and that at the tank commander's observa-
tion seat; however, the sum of the vertical, fore-to-aft, and side-to-side
absorbed power at the commander's observation seat may be as much as four, five,
or moxe times the intensity at the driver's seat. Relations representing the
data obtained from an earlier test program involving ride comparinons of a
standard M60A1 and an M60A3 (complete tube-over-bar stspens4,'.s) tank are shown
to illustrate the significant ride improvements that were ittained with the
tank configured with the complete tube-over-bar suspension. These data led to
the belief that the complete ti-be-over-bar configuration offers a significant
improvement in ride quality, whereas the hy'-rid tube-over-bar configuratiin
provides no noticeable advantage. It is recommendcd that a comprehensive ride
dynamics test program be conducted with an M60Al tank, an M6OAlE3 hybrid tube-
over-bar tank, and an M60A3 tank to determine the relative merits of these
three configurations and, furthermore, that this program receive the proper sup-
pý..t from the appropriate agencies to ensure that the required test conditions
are met.
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generaton version of a comprehensive analytical model for evaluating the mob,!-
ity of gr-c--nd vehicle systems and the modifications tnat distinguish it from the
first gen±eration (AMC-,!) version. The jecond paper, Terrain Modeling to Sup-
port Mo y Eva~uat•on, describes the procedure and recent developmerts in
terra2:, modli,:g to evaluate grounc' •obility. The third paper, Pide Dy. n.smcs
Modale for A^2Y-75 Ground Mobility Model, describes the computer module for
simulating the ride and shock responre2 of any rigid-framed vehicle and deter-
mining the relations necessary for inrut to the A•M-75 Ground Mobility Model to
assess the effects of ride- and shock-limiting speeds on mobility. The fourtn
paper, Validation of the AMC-71 Mobility Model, describes the results of a
comprehensive experimentsl program to validate and evaluate predictions of
vehicle perforrsnce d-rived from the first generation (AMC-Y[I) Mobility Model.
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20. ABSTRACT (Continued).

analysis of data includes variations in soil strength that occur in dry-to-
moist sends, the variations that occur according to beach location, variation
be:ween beach and desert sands, and variation between sand types. Also in-
cluded is a discussion of the areal distribution of beach and desert sands on
a worldwide basis, the factors affecting sand stabilization, and some of the
more pertinent stabilization methods. By using verified vehicle performance
evaluation procedures and methodology that considers the effects of tire in-
flation pressure, surface slopes, frequency of occurrences, and sand strength
and type, the performance of a wheeled dozer, modified for hand]ing con-
tainers, can be estimated on an areal basis. Practical stabilization of beach
sands can be achieved by densification of the sand, by the introduction of ce-
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rary roadways. Current design and evaluation methods employed in stabilizing
natural soils for road and airfield construction are not entirely applicable
for designing expedient stabilized beach sand sections for transportation
throughways. Appendix A presents a list of selected references concerning
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10. OISIISOUTION STATEM4ENT

Approved for poblic release; distribution unlitited.

02. SPONIOR*N4 MILI TARY.ACTIVITY

Spanish translation of this report is U. S. Army Fngincer Watervays Experiment
available. Station, Vicl:sburg, Mississippi

1). A&STDIACT

This report describes the plans for obtaining, field data on the engineering
characteristics of the soils, vegetation, and topography of selected areas in
Central and South ,.-nerica. The data will be used to develop a system for describing
and classifying these engineering properties as they manifest themselves in the
humid tropics. The data will also be used to develop a method for p-edicting the
changes in moisture content anJ strength of surface soils that occur on either a
daily or a seasonal basis, and to c.assify areas on the basis of similarity with
rerpect to the enginecring properties of their soils. I'he report discusses the
metcaroloj'Ical and so±il equipment to be used; the selection, l..jout, and number of
test sit,,r; an.' thf-, test routines for collecting data at prediction-development and

satellite .i'Ltes. Appendix A presents the field instructions for dai y visits and
Appendix B provides instructions for computing data.

KEYWC JiS: Field tests; Tent plans; Test proce"ures; Traf.ic, Jillity; 'ropica. regions
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PLAN OF TESTS, TROPICAL SOIL STUDIES IN PANAMA AND PUERTO RICO
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Approved for public release; di.ntribution unlimited.

112S. SPONSORING WIO TARy ACTIVITV

U. S. Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi

I3 AiSIfACT

This plan of tests is part ef a comprehensive study to develop quantitative
systems for describing and classifying the engieering characteristics of soils,
vegetation, and topography of tropical environments, and for predicting their

effects on military operations. This plan deals ,¢th obtaining information in
selected humid-tropical areas in Panama and Pt.erto Rico. The report discusses the
meteorological, soils, and electrical resistance (foi soil moisture determinations)
equip..ert to be used; the stlection, layout and nunber of test sites; installation
of equipment; and the test "outines for collecting data at prediction-development
and satellite sites. Appendix A discusses the field instructions for reading the
fiberglas electrical resistance units;' Appendix B provides instructions fhr computing
data; Apperdix C di.cusses procedures for determining moisture content at saturationand at 60-cm water tension; and Appendix D presents instructions for recording site
descriptions.
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It SUPPLEMENTARY NOTES 12I SPONSORING MILITARY ACTIVITY

U. S. Army Materiel Command

Washington, D.C. 20315

IS AUSTRtACT

This report describes the airfield cone penetrometer, its use, and the application of
data obtained-by its use. The report includes information which will assist in solvingspecific trafficability problems. Also procedures are i.-esented for using tLce airfield
penetrometer to'measuxe soil strength and for correlating soil strength with the number
of passes that can be made by aircraft having various wheel loads and tire pressures.

KEYWORDS: Airfield cone penetrometer; Traffic'ability
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is. LA"TRACT 
1 Washington, .C

This report presents a method of rapidly assessing the ability of an area to support
aircraft operations. The method involves no special equipment cr specially trained
personnel, but is based on the interrelation of the response of ground surfaces of
various strengths to vehicular and aircraft traffic. Data that allow the forecazting
of the atility of an area to support aircraft traffic are tabulated herein. This
ability is based on the rut depth occurring in a soil after one pass of a standard
military vehicle.

KEYWORDS: Aircraft landing areas; Soil strength; Unsurfaced airfields
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It 3UPPLIENTARYNOTES IS. SPONSORING MILE -ARV ACTIVITY

The information c ntained herein is U. S. Army Engineer Waterways Experiment
! summarized in WEE Technical Report No. Station, Vicksburg, Missis~sippi

3-331, Report 6, Vols 1 and 2
1, AOSTRACT

The studies reported herein ire part of a comprehensive effort begun in 1949 to
develop techniques for estimating the trafficability of soil by remote means. They
are devoted specifically to development of techniques for analyzing and interpreting
vertical aerial photographs for soil trafficability purposes. To provide a basis for
thes- studies, airphoto and soil trafficability data were collected ir. each of several
representative landscapes ove- a period of several years by Purdue University and the
Waterways Experiment Station personnel. Trafficability data were collected at sites
in 33 humid climate states and 2 arid climate states. Book 1 (Application of Airphoto
Pattern Analysis to SoUl Trafficability Studies, Jun 51) discusses the airphoto
pattern analysis pro-:.edure and the relatio.,ships between trafficability measurements
and airphoto pattet:ns. A description of regional drainage, topography, local erosion,
natural veretatior., cultural practices, parent material, soil profile, and traffica-
bility and crus: country movement characteristics is presented for each of several
landscapes in Booy.s 2 (Glaciated Deposited Materials, Jun 51), 3 (Water Deposited
Materials, Dec 52), 4 (Misc_!llaneous Materials, Jun 51), 5 (Eolian Materials, dr 54),
and 6 (Residual Materials, Jun 54). Additional information on the trafficability
characteristics of the landscapes is presented in Supplement 1 (Sep 56) and Supplement
2 (Glacial Deposited Materials, Dec 57).

KEYWORDS: Airphoto interpretation; Trafficability prediction
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019POR? TITLE

THE DEVELOPMENT OF METHODS FOR PREDICTING SOIL MOISTURE CONTENT,
Progress R~eport No. IN Vol. 1-11

9 OESCRIPTIV4 NOTES1 (Ty'po of,*'Iys Md t00I"9v dats)

Progress report from 1 Apr - 1 O't 1951

E. J. Dortignac and H. W. Lull
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It- SUPPLESMENTARY NOTES9 4S. SP8NSORN104 MIL.ITAR AC:TIVITY

U. S. Army Engineer Waterways Experiment

Is. ABSTRACT

Methods of predicting soil moisture content were developed for three sites in
the Vicksburg area, Park, Rifle and Mound. Basic data fromn which to develop predic-
tion methods consisted of a daily record of soil moisture from 1 April to 1 October
1951, for each site and concurrent data on rainfall, air and soil temperature, humid-
ity and wind movement. Development, and Jensity of vegetation were checked periodi-
cally. Soil stud~es included profile descriptions and determination of texture, bulk

* density, moisturf. content at wilting point and field capacity, and soil moisture-
Yension relations. The soil moisture record consisted of a daily inventory of soil
moisture content at 8 to 10 depths in the upper 42 in. This record was obtained with
the Colman soil moisture meter and fiberglas units. Soil moisture contents were pre--
dicted at the 6- to 15-in, depth. The amount of soil moisture accretion at this
depth following rainfall was found to be dependent on the relation between storm size
a-id available storage. Depletion curves in the soil moisture record were very
similar throughout the entire period. Average dptpletion prediction curves w2re
developed for each 3-in, layer from 0 Lto 15 in. Depletion rates, in general, were
exponential in form with rat!s of loss tending to decrease with depth. No relation* f was found between '3epletion rates and air and so!l temperatures, humidity, wind and
vegetation composition. The accretion anrA depletion methods were combined to predict
soil moisture content for the period of v. ord. Consistent agreements were obtain~ed
between actual and predicted values of &4il moisture content.

KEYWORDS: Soil moisture prediction; Temperate regions; Traffizabilllty;[Vicksburg, MIiss
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THE D•ELOPENENT OF METUODC FOR PREICTING SOIL MOISTURI CONTENT, Progress Report I1
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ProErgss resort froe 1 Oct a1 - 1 Ar 52

1. W. L u l l , e t &1
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July 1952 177
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MES ontract Report no. 4-8, Progress
a .. Report No. 11
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II. IUmPP.I TANT "OY's is. UsonOm NmuTAS? &cvtIVI

U. S. Army Engineer Waterways Eicpriment
Station, Vicksburg, Mississippi

Prediction methods for the period October 1951 to April 1952, the "Winter"
season, were developed for the same three sites (Park, Rifle, and Hound, Vicksburg,
Miss.) as reported in Progress Report I for the summer season. Basic data from
which to develop prediction methods consisted of a daily record of soil ozisture,
water table records, and concurrent data on rainfall, air and soil temperatures,
humidity and wind movement. Condition of vegetation was checked periodically; soils
were classified. As in the sutmer season, soil moisture accretion during winter was
found to be dependent on storm size and available storage. For the major part of
the period depletion rates were markedly below summer rates. Following rainfalls
that saturated the soil, one to two days were required to drain to field capacity;
further depletion proceeded at a very slow fairly constant rate. Rates decreased
with depth. High water tables affected accretion and helped to maintain high moistur
contents. The accretion and depletion methods were combined to predict soil moisture
content for th* period of record. C -jistent agreements were obtained between actual
and predicted values of soil moisture content. Sumer soil moisture depletion data
in Progress Report I were reevaluated and a search of literature made to determine
soil moisture depletion rates from other areas. Results of six special studies deal-
ing with instrumentation, calibration of soil moisture units and interrelationships
of soil moisture to volume weight and root concentration are reported.

KEYWORDS: Soil moisture prediclion; Temperate regions; Trafficability;[Vickiburg, Miss.
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II SUPPLCIMENTAV NOT99 il. IPOMSOMING MILITAMtY ACTIVITY

U. S. Army Engineer Waterways ExperimentI Station, Vicksburg, Mississippi

Prediction methods for the period October 1951 to April 1952, the "Winter"

season, were developed for the same three sites (Park, Rifle, and Mound, Vicksburg,
Miss.) as reported in Progress Report I for the summer season. Basic data from
which to develop prediction methods consisted of a daily record of soil mDisture,
water table records, and concurrent data on rainfall, air and soil temperatures,
humidity and wind movement. Condition of vegetation was checked periodically; soils
were classified. As in the summer season, soil moisture accretion during winter was
found t, be dependent on storm size and available storage. For the major part of
the period depletion rates were markedly below summer rates. Following rainfalls
that saturated the soil, one to two days were required to drain to field capacity;
further depletion proceeded at a very slow fairly constant rate. Rates decreased
with depth. High water tables affected accretion and helped to maintain high moisture
contents. The accretion and depletion methods were combined to predict soil moisture
conrent for the period of record. C ulatent agreements were obtained between actual
and predicted values of soil moisture content. Summer soil moisture depletion data
in Progress Report I were reevaluated and a search of literature made to determine
soil moisture depletion rates from other areas. Results of six special studies deal-
ing with instrumentation, calibration of soil moisture units and interrelationships
of soil moisture to volume weight and root concentration are reported.

KEYWORDS: Soil moisture predic-ion; Temperate regions; Trafficability;[Vickburg. Miss.

DDLAt 00o.11 1473. 1',.&0.-.' ..IO
D D "Ge"V001473 *6 p"oll "my Wee*. Unclassified

re;;ftty ciesakricauea

400



Secunty Clas-.flcata'o. M, E
DOCUMENT CONTRC)L DATA- R&D

(S3 - 1.iy yI8-110iCI 11-n -1 1i0., body e• .L,.c clad I, Isd 1, •.tlo., .-t *f bb -1t-0" o4* 6* fd A-. I. -. 1 po1 f f- *1 C4 I1,fit)

I OR:GINATII,, ACTIV TV (Ce.roate a1tlo#) i. UCPONT 59CUR$ITY C LASSIP.CATIOt

Cornell r'niversity Unclassi fied
chool or Civil Engineering 26 GRouP

Ithaca, Jew York
3 REPONT T,TLE

ANd E;VIRONCIE:TAL ANALYSIS OF THE FORT CHURCHILL, MINITO•BA REGION, VOLS. I AND Ii
FOLIO

4 ODSCRIPTIVE NOTIS fTy"p o. l,-I end 4.0.0" dwtry)

Contract Report
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Cheney, Theodore A.; Beckel, D. K. Brolu
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11 SUIJPL INEATARY NOTES jia. SPONSORING MILtTARtY ACTrdITY

1S A6 T 1ACT This report is introduced with a general eescription of the cultural
and natural features of the Fort Churchill environment. In the detailed discussion
of the nat'ural fcatures, the area is described according to changes in climate and
terrain with season. The summer and fall terrain is classified according to
drainagt, vegetation, anc military characteristics. The winter and spring terrain
is divided into two main categories; wooded and nonwooded, because of differences
in type and acc.-ulation of snow. General considerations of the Fort Churchill
environment are dealt with according to problems in trafficability, navigation,
and site selection. illustrations, tables, maps, 6 appendices.

KEYWORDS: Environmental zmalysis; Environmental factors; Subarctic regions;
Trafficability;[Fort Churchill, Canada]
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VEHICLE MOBILITY RESEARCF: A PRELIM4INARY RVIEW O MAJOR ACCOMPLISHM4ENTSAN

4.~~~TE OCEPOMIV NOISS (AeFP ofO mAfl orsdn inwl delo

C.J. o Nuyrau,,o Jr.*CN

1.~ ~ RESUPORMCT DAVIE '4OT* IA SOTSOI,1,OP 01144S TIIT

WES BWar Cotfc Consu:rt on. -eice6

Mobility Research, New York, NY, 29 Oct 551 ttoVcsug ~ssip
14. ASITRACT

This report reviews the history and current status of vehicle mobility research
for use in providing background information in the planning and programming of
Corps of Engineers activities in the field. Two previous rrviews in mobility

* research, the Review and Evaluation of Research Related to Trafficability of Beaches,
by Horonjeff, Seed, Van III, Wiegel and Trask, published July 1953, and A Practical
Outline of the Mechanics of Automotive Land Locomotion by Bekker, published June
1955 cover the field rather completely. The review by Horonjeff and his associates
is concerned largely with the situation as they found It, and is a thoroughly
objective report with little interpretive criticism. The outline by Bekkar is P' more

* personal appraisal of the situation, presenting problems and approaches which reflect
both the author's long and thoughtful association with off-road automotive work, aud
his personal philosophy as to its proper approach. Both surveys agrea upon the
necessity for research on the fundamentals of vehicle-soil interaction, and upon the

SW use of relevant knowledge and techniques from related applied mechanics fields.

KEYWO'(DS: Mobility; SLOIte-of-the-art studies

TD-O.'9?1473 : Aca Unclassified

403



SecntyClaifiati-n DOCUMENT CONTROL DATA. R D 0

(S-c-.Itr cf.a., WW.-l.of .1100l. &.E of .obetoac a" tooatoooloof A..*eo "....r mo.e be orlod arh. the .oot-l "Ppte#ct.. . Ittoolldj
,OR I 4A ToNG ACTIVITY (Cotpoarsle ... IAW) 9416 AIPORV f ZCUAm,, CLASSIFICATION

Wilson, Nuttall, Raimond Eagjineers, Inc. Unclassified
Chestertown, Maryland so. Q.ou'
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VEHICLE MOBILITY RESEARCH 1956; A REVIEW AND A SUGGESTED PROGRAM
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1I. SU-PI.USNALNAY NOTC1S 3S. 04SPISAINC1194 MLITARY ACTIVITY

U. S. Army Engineer Waterways Experiment

Statior~, Vicksburg, Mississippi
S0 AGSTPIACY

This re 'y)rt suimarizes past accomplishmuents and current activity in vehicle
mobility research, with emphasist upon soft groavnd crossing. The present report
Is prepared specifically for use 1)y the Waterways Experiment Station (WES) in
establishing its program of research on vehicle mobility. Several sumaries and
evaluations have been made by competent persons in the past few years. Hoad reviewed
the situation from the British viewpoint in 1948. WES surveyed the field for i.ts
trafficability aspects in 1949, and Bekker covered the en~tire field in a series of
lecture netes in 1952, which he suzmmarized in 1954 and again ir. 1955. Wheeled

vehicle tests were reviewed by Kelly in 1952, tire tests by Shields in 1954, and
many avpects of mobility, iri relation to beach trafficability, were covired in 1951
by Seed and in 1953 by Horonjeff et al. Finally, in 1955, Uffelmann summarized
recent British activity. The status of research on several factors is presented
and evaluated by the authors, and current programs are Rummarized. At the conclusion,Ia suggested program of further research is outlined. A reasonably complete bibli-

ography of pertinent materli~l is included.

KEYWORDS: Mobility; State-of-the-art studies
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U. S. Army Engineer Waterways Experiment

Station, Vicksburg, Mississippi
.8. A~sYA.CT

This study is part of a comprehensive program of research devoted to further
knowledge concerning the estimation of qtuntitative soil trafficability inrormation
by remote means, particularly through the correlation ana analysis of aerial photo-
graphic patterns. The report discusses previous investigationis in this field and
factors that influence soil traf.*icability. Techniques are prese~nted for photo
interpretation of soils and landform elements; the.' eff~cts of season and scale in
inferring trafficability information are described. A two-year study waLs undertakcem
at three test areds in Indiana to test the validity of the techniquee.. Photo tones

and texture werie correlated with soil moisture and ground conditions.

KEYWORDS: Airphoto interpretation; Terrain arnulysis; Trafficability prediction;
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WES

13 ASSTRACT This report discusses environmental elements found at Fort Greely, Alaska
that are both sLA&ule an(' variable with respect to seasor'al'change. The stable
elements treated are topography, landforms, geology, soils, permafrost, ara' -und
water. Elements exhibiting marked seasonal variations are wind action, so- moist
e~nd temperature, vegetation, snow, lakes and streams. Some discussion is made of
the testing and training ,ctivit!es at Fort Greely. The environmental factors
found in the tesi; area are evaluated for the important stable and seasonal elements
for elerentz co7..on to the subarctic, for najor factors which make Lhe test arer
distinctive, for terrain factors represented in the test area and for the feasi-
bility of cross-country movement. Il' dstrations,teablea, maps
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r 1. SUPPLEMENCTARY NOTZS is. SPONSORING MILITARY ACTIVITY

U. S. Army Engineer Waterways Experime±nt
Station, Vicksburg, Hississip

Representative surface geometry profiles from those presented in the Waterways
L ~Experiment Station Technical Report No. 5-625, "Environmental Factors Afft':ting

Ground Mobility in Thailand," Appendix E, are fitted by Four:er-series curves. Fit
accuracy appears satisfactory and ju~ti.:4es coafidence that all such microrelief
profiles can be so described rnathenatically. The feasibilit.y of using a Fourier-
described terrain in finding the response of a vehicle traversing the terrait. is
confirmed by comparing the results of a digital comnt'itr iprogram when using an arc
and straight line bump description and when using a Fc..rier-series bump description.
A simnlified two-degree-of-freedom mathematical model of the M37 truck !s used in

* ~this cc~mparison. A seven-degree-of-freedom mathematical model of the M37 is made
and a di~ital computer program deveilped to solve its differential equations of
motion. A check is made of this program by comparing responses of the seven- and
two-de;ree-of-freedou models to the same Fourier-defined terrain using their respec-tive piograms.

KEYWORDS: Fourier analysis; Mathematical models; Microgeometry; Mobility; Ride dynamic.
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U. S. Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi

A critical survey is made of the literature on the structural dynaxzics of soils. Only
the reports contributing to -he subject matter are included. The references are
presented ia the following four disti .ct areas-- (1) laboratory dynamic tests on soils,
(2) field dynamic tests on soils, (3) design concepts and metbods in structural
dynamics, aud (4) miscellaneous items of information contributing to the soil dynamics.
r"e report contains altogether 114 entries. The important references in each group
are discussed briefly,

KEYWORDS: B•oliographies; Dynamic bearing capacity; Soil strength
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Tecnicl nfomaioncotaiedherein U. S. Arry Engineer Waterwl'vs Experiment
included in WES Technical Report 3-693 , ain ikbug issip
Report 2, and Technical Report 3-727StioVkbug Misspi

The object of the investigation was, first, to find out if a radar can bt used
in a laboratory to provide dat;a on terrikin studies, and, if so, to find out wilether
such a radar can be made from conventional simple components and if necessary, used
in an airplane. The investigation was carried ou~t in thrr'e steps, which were
(1) Radar Study, (2) Facility Design, sad 1.3) Specimen Des,&gn. No e3.isting radar ±s
suitable for use both in the laboratory and in airborne operation. i'owever, existing
radars and radar components in the K a-, X-, C-, and P-bands can be moalfied so as to

* ~be used iii both laboratory and air. It was reccectLended that the radar used i.1
* WESTAR be the AN/TPS-21 or its equivalenL, with requii:ed modific tiona. The operatin

variables of this radar have been used to set vhe specifications of the laboratory
structure and the specimen containtrs. The specificaticca and results itt this report
constitute the recommendations for the establiahment of the laboratory facility.

KEYWORDS: Labofatory tests; Radar; Rzdar equipment, e'emote sensing; S'iil tests
(Laboratory); Syste~ms analyzis; Ter~tain analysis
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I I. SuPPLIEMI " ?ARY weigh lIS. SPONS@AIM6 MILI TARY ACTIIVITY

Technical information contained herein U.SAryEgne .',rysxpimt
included in WES Technical Report No. 3-.693, U S.tariynEngick eerg WisserysEperimn
Report 2, and Technical Report 3-727 Sain iksug isstp

Texas Instruments is assisting in the study of terrain analysic by radar in a
laboratory environment. The 4esign of the radar laboratory was established in
Phase I, System Analysis, of the project. This Phase II report includes description
of Phase I design and fabrication and installation of designated cr iponents of the
WESTAR facility. These components are from three sources: (a) government, furnished
equipment, e.g. various subunits cf the operational radar set AN/TPS-33; (b) Texas
Instruments fabrication and mooa!l shops, e.g. the control couscole; and (c) cou'mercial
vendors, e.g. rad~ar antennas. Other than system control and read-out elementsthe
system operates in an open-end archway 44 ft long and 100 ft wide at the base with
an arch radiu., of S0 ft. A carriage, mounting the receiver-transmitters, a control
junction box. and radar antennas, is track mounted to the arch anid is capable of
traversing a segment of the arch from the zenith to utarly grourd level. Terrain
specimens are prepared in wooden containers, track mounted on the floor of the
WESTAR facility. Preliminary laboratory testing, calibration, and data collection

and is expected to collect determinative terrain information at .11 tadar frequ~encies

KEYWORDS: Laboratory tes~i; Radar; Radar equipment; Remote sensing; Soil tests
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PHASE III , ANALYSIS OF RESULTS, WATERWAYS EXPERIMENT STA~TION TERRAIN ANIALYSIS RADAR
(PROJECT wESTAR): FINAL REPORT
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certain results of the measurement program, reexamines the total ePxperimental program
and supplies the basis for recommendationt; of future radar terrain analysis for

F mobility deterLinations. Project WESTAR is considered fuccessful in that it has
shown empirical relationships between radar reflectance and percent moisture content
for sands, clays, and silts and that penetration depths and soil dielectric constants
can be measured as a function of frequency and percent moisture.

KEYWORDS: Laboratory tests; Radar; Radar equipment- Soil moisture prediction; Soil
I ..ests (Laboratory); Terrain analysis; Remote aensing
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10. C42TRIOUTION STATEMENT

Approved for public release; distribution unlimited.

I I. 01UPPLLEMCUTA11T1 NOVES IS. SPONS~flN* MILITARY ACTIVITY[U. S. AMy Engineer Waterways Experiment,
Station, Vicksburg, MississippiI Is. LOSITMAC?

A labur itory gamma ray spectrometer has baen installed at the Waterwiys Experi-
ment Station, Vicksburg, Mississippi, an~d a program of controlled soil Otarizple measure-
ments has been initiated to investigate the possibilities in remotely determining
soil type and trafficability parameters by thie characteristics of the natural gan
ray spectra, Preliminary measurements on the Long Lake clay, Openwood Street silt,
and Yuma sand have shown that the characte-.istic natural radidblement contents can be
measured accurately and may be useful in identifying the soil type. Distortion of
the gamaz ray spectrum, which is caused by scattering and absorption in the inter-
stitial moisture, shows sufficient measurable variation to offer definite promise as
a basis for a future remote moisture measuring technique. Future wiork should include
laboratory measurement of many more varieties of the major soil t-ypes to determine
ranges of values within types with varying moisture content. The laboratory work
should be supplemented by a carefully designed field program to investigate in-place
variables not easily reproducible in the laboratory. These include -nriations
within soil types, effects of uieterologic variables, vegetation effects, Otad geometry

modiUficatios..

KEYWORDS:- Gamma ray spectroweter; Gamma rays; Laboratory teSLs; Remote sensing, Soil
classification; Soil moisture prediction; Soil tests (Laboratory)
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$I. SUPPLIENIENTANT NOTECS ;A~. SPOEONSORN WILITAIRI ACTIVITY

U. S. Army Engineer Waterways Experiment
Station, Vicksburg, MississippiI IS A@STNACT

In this study a large amount of weather and trafficability data (precipitation,
cone index, remolding index, soil moisiure content, and soil density) collected from
May 1952 to May 1953 at one 80 x 40 ft site (Crosby) at Lafayette, Indiana, were
reduced to two related analyses. In the first of these the extent of sampling
ccLdb xrse ntrso ucinlrltosiswt ocmtn aibe
variation in certain of the measured variables an'i the degree to which their variation

weedetermined. In the second analysis, various explicit functional relationships
weedetermined. In particular, the study assesses the reliability of cone pene-

trometer data obtained by sampling procedures, then evolves prediction equations for
cone index means in terms of variables such as rainfall, soil moisture, and soil
denity In a special case it was found that roughly 10 perce-. of cone index-mean
variation must be attributed to sampling -Rriation mnod that over 80 percent of the
nonsampling variation could be accounted for from zhe relations of cone index means
with rainfall and soil moisture.

KEYWORDS: Meteorological data; Soil density; Soil moisture; Soil property relat'ocns;
Soil property variations; Soil strength; Stat!Stical analysis; Trafficabilit
data; ILafayette, In.~ianaJ
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Chief of Research &rd Development
Department of the Army
Washington, D. C. 20310

A study was made to determine the feasibility of devcioping an integrated system
for observing, analyzing, and forecasting the state of the ground. The study
relied chiefly on an extensive literature review, a ,crldwide questionnsire
survey, and intervicws with personnel of U. S. civiliin and military agencies
with an 5nterest in the subject. It was found that the most widely usefvl
indicators of the state of the ground were soil moisture content, soil temper-
ature and soil strength. It was further found that while informtion of this
type is being collected at numerous sites around the world, there is little
evidence of standardization of instruments or depths and freqr"ncies of obser-
vations. Suitable methods are presently avpitlable for developing an integrated
state-of-the--round system, but imp-rovements in the methods are desirable. Three
systems are suggested, one for internatio-:al "se, us,! for civilian use in this
country, and a third for U. S. rmilitary use on G v,'n1dwide basis.

SKEYWORDS: Environmental analysis? Soil moisture; Soil strength; Soil temperature;

State-of-the-art studies; State of ghe ground; Terr.-" analysis
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IS ABSTRACT The study was conducted in four cri~icai. elements as follcws: Human Re-
s Po03e to Vehicle Vibration (vol 2 : The criterion fc- evaluation ef vehibTeIVTUF-ra
tion_ is that of human response to motion caused by terrain irregularities. A critical review of the literature is rptc.A feasibility study was conducted to ver_
ify the possibility of measuring ph.'sical marnitudes vhich are correlates of the sub
.jective ride experience in the actual vehicle environment. It is concluded that vi_
bration acceleration variance, as a function of frequency an4 raised to the proper

roe sa measure of ri*de sensation. Theoretical .yarics %-;ol 3): After a crit
Calrýeview of the litera'ture, two metho-Z n'r~sr-e-u-r^eU-tFapnlJica~ le to mathezati-

cal modeling of vehicles. A frequency domain approach is developed for detailed
analysis of linear models with an output dictated by human response considerations.
For nonlinear systems, the calculation is performed in tne time domain with output
interpreted in the frequency domain. An example of both methods for an M37 model
is given. Field Measureýr'nts (vol 4): it .*a concluded that no autcmatic profile
neasurinpg device is nvailacle wJhich gives on accurate measure of tht profile inforrm
tion nezessari 'or vehicle eyna.nuc3. A feasibility stutny was made to measure n~otion.
ofý a. ('!410 wnee;. This method of profile meaý-urement does not annear satisfactor-7
at presen~t, but fur"'er develop .ent is sui-Cested. Ourveying techniques seer. to be
Lhe nost accurate terraia ireasurement method available. To measure vehicle res-cns
acceleroretera, prozerly rositioned rend interplreted in terrms of :-over sr'ectra.ý den-
sity, snould be used. Swrmiary (vol 1): A si~iple method for conparing vehicl- vibr
tion over various te~rrRTda .been developei; the vehicle is snecified by 3 n-.;-.buers
the terrain by 2. Sipeaihmetic allowsi an estimate of vertical vibration in eac
of 3 freouency bands o n ivf-n viehicle aver ruiy wiv-n tserr'-.,
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13 ABSTRACT

The test procedures and techniques developed in the studies reported herein pro-
vide a means of obtaining photoelastic stress patterns for moving wheel loads at
controlled degrces of slip. Sufficient information was developed to compute nor-
mal and shear stress distribution on planes in the gelatin foundation within one-
fourth inch of the contact surface between t'-e moving wheel load and gelatin, if
certain approximations are made. Further study is indicated to accurately define
the stress at a point. Concerning the action of the static and moving wheel loads
on the gelat;n modcl, it was found that there was an increase in naxirum shear
stress for the novine wheel load at 0, +25%, and *50% slip over that of An equiva-
lent static wheel load. This increase in maximum shear stress was due to a re-
distribution of normal stress at the wheel contact with the gelatin. Also, the
maximum shear stress under the action of the moving whecl load was grc er at
0 slip than at +25% and +50% slip.

KEYWORDS: Gelatin models; Mobil~iy; Photoelasticity; Stre'ss distribution; Stresses
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13 AGSTRACT

This report is essentially a compilation of available trafficability test data
which were collected during testing programs conducted by or sponsored by Govern-
mer~t agencies. Due to the large volume of pertinent information available, this
report has been organized in six volumes. Volume 1 presents the background, data
sources, sumrary of pertinent reports, and procedures used in preparing data
summaries. The remaining volumes present data summaries as follows: Volume II,
Vehicle Specifications; Volume III, Soil Data Sheets; Volume IV, Tire Information;
Volume V, Wheeled Vehicle Test Data Sheets; and Volame VI, Tracked Vehicle Test
Data Sheets.

KEYWOADS: Mobility; State-of-the-art studies, Tires; Tracked vehicles;
Trafficability; Vehicle specifications; Wheeled vehicles
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Prepared under contract with Advanced Research Projects Agency
U. S. Army Engineer Waterways Directorate of Remote Area Conflict
Experiment S*ation, Vicksburg, Miss.

I) ABSTRACT

This was the first major attempt to correlate terrain surface obstacles
(lateral, longitudinal, and vertical) with vehicle performance. Purpose of the
study was to develop and/or evaluate (1) measurement systerts necessary to permit
quantitative description of vehicle performance and '.he terrain on which vehicles
are operated (2) test methodoloZy including proper experimental design (3) methods
of analysis leading to quantitative vehicle-performance relations (41 approxirmat
limits for botn "im•n.obilization" and "no-effe-." values of important parar.eters and
(5) a study plan which will include an analytical framework within which more
extensive future studies should be bnalyzed. Analysis of test data revealed the
imortant terrain-vehicle relations for cross-country mobility and the proper
.ethods of measuring -nd analyzinj important terrain-vehicle parameters.

KEYWORDS: Obstacles; Obstacle-whLl interact-cn; Offroad mobility; Performance tests
(Vehicles); Surface geometry factors; Terrain-vehiLle interaction; Test
procedures; Vehicle perforr. nce
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Conducted for the U. S. Army Engineer Advanced Research Project. Agency
Waterways Experiment Station,

Vicksburg, MississiDi
1, ABSTRACT The test program was divided into four parts, based on the conditions

considered:
1. Determination of the coefficient of friction between the vehicle wheel or

track and a slippery surface overlaying a hard pan of silty cley and one of Buckshot

Clay, through measured vehicle tests and predicted performance.
2. Determination of the drawbar-pull vs slip curve in a fat Buckshot Clay for

the vehicles tested by measured vehicle tests and predicted perfc-mance.
3. Determination of the drawbar-pull vs slip curve in a lean silty claiy for

the vehicles tested by measured vehicle tests and predicted performance.
14. Determination of the drawbar-pull vs sli'? curves for an Euclid C-6 crawler

tractor in (a) a dry sand and (bt) . lippery surface condition on a clay b: means o

tceaburea ",enicle test and predicted performance.
STnesc venicle tests were performed with r single pass through the tudisturbed
test course. The vehic]c-_ chosen repre.-nted a wide range of standard military ve-
nicle characteristics usinG a minimum number of vehicle types. The choice of vehi-
cles included a l/4-ton K'38A-1, 3/4-ton 1137, 2-1/2-ton M35A1 (modified to single
11.00-20 tires), M39C Amphibian, M1lS Personnel Carrier, and a POLECAT 914 artticu
lated steering vehicle.

The test results are discussed in terms of the accuracy of predicted vehicle
performance. Particuldr emphasis is given to causes of differences between predict-
ed anU measured performance values.
KEYWORDS: Field t!sts; Military vehicles;, Mobility; One-pass performance; Soil-

vehicle int, raction; Trafficability
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=elf-propelled vehicles in natural, weak, fine-grained sails for the following

(2) to provide mean.. to predict (a) one-pass drawbar pull and slope performanc..- in
soils having streeigths in excess of the minimum required for one vehicle pass on
level terrain, (b) the increment of soil strength index necessary to permit a ve-
hicle to maneuver freely, and (c) the probable maximum. speed of a vehicle operat-
ing in a terrain situ'tion where the soil strength index exceeds the net vehicle
load index.

F'irst-order answers are proposed to th.e five basic question3 utilizing minor
adaptations of tcchniquezs and concr~pts developed by WES in their 50-pass traf-
ficability dorX, and defining modified "vehicle cone indices" (VCI ) and soil"Itrating Core index " (RCI ) proc--dures appropriate to the one-pass 1problem. The
calculations of drwa ~,grade performsance, soil strength increments neces-
sary to pe.,ait free maneuvering, and probable maximum speeds, all as inf(luenced
r~y soil strengL119.

K~kXWORDS: Fine grained soils; Mobility; One-pass perfurmance; Self propelled

vehicles; Trafficability; Vcýhicle cone index
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Conducted for the U. S. Army Engineer Advanced Research Projects Agency
Waterways Experiment Station,
Vicksourg, Miss iss ippi
13 ABSTRACT

Test procedures to be used for the evaluation of off-road vehicle mobility
performance are presented. The development of a quantitative evaluation system
represents an important step in the design of proper off-road vehicle tests.
The procedures are presented ams nine Annexes, entitled as follow:: (1) Drawbar
Pull, (2) Torque, (3) Vehicle Speed, (4) Vehicle Sinkage and Trim, (5) Resistance
to Towing, (6) Fuel Consumpt-on, (7) Load Distribution and Ground Pressure,
(8) D-termination cf Land Locomotioi-. Soil Values, and (9) Determination of WES
Soil' Parameters.

KKEYWORDS: MKobihlly; 0ff-road mobxiiy; Test Drocedures

)DIF7.04 5- JUnclassified
Secunty Classmdacabon

422



Uncl assif fied
Secunty Classification H

DOCUMENT CONTROL DATA- R&D
(S# ftvcl,tn,' ea..ftcaf,. of title bed,' @4 absi..Ce 0.14 .4..e.4 o *U iate i ~a) b " w whom, FA, overall ,pf is classified)

I oqIGINATIMN ACTIVITY (C.Mroft. .. *be) IFrEPORT SECURI TV C LASSIFICATION

Colorado State University __ lnýclassAfA
Fort Collins, Colorado 26 ROUP

3 REPORT TITLE

flNSTUNfl'IATION1 MR~ VE~(ICLrE MOBILITY TESTDIX IN A TROPICAL E5VIRONME1;T

4 DESCRIPTIVE NO-ES fypý of .opeoN ..1 Ine&..I. Sister)

Final R. port
S AUTHOR(S) ML111 IIm.I. Ifflst em. 1101100)

Clark, Stanley J.

0RE PORT DATE 70 TOTAL NO OF PAGES 76. No. OP RttePS

Ju~ne 1966 36 0
On CONTRACT OR GRANT NO 90 ORIGIINATOR'S REPORT NU@MOUR(S)

DA-22-079-eng-378 (Negotiated)
6, PROJECT $40

4Advanced Research ProjectsAec 96, OTHER0,: MIRT NO(S) (Any ofernm.,.mmh. Oult ney he Seelinod

I: ~ ~ I I SAOde o 0 WES Contract Report 3-154
1O A VAIL ABILITY/LIMITATIOII NOTICES

Approved for public release; distribution unlimited.

It SUPPLEMENTARY NOTES II. SISOMSORINO MILITARY ACT WITY

Prepared under contract with the
U. S. Army' Engineer Waterways Advanced Research Projects Agen-
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1S ABSTRACT

This report highlights the accomplishments of an instrumentatirii team from the
Colorado State University which provided technical assistance to the Advanced
Research Projects Agency in Thailand. The major portion of the work load was
connected with vehicle testing. During the contract period the Colorado State
University Thailand Trafficability Instrumentation Team instrumented and assisted
with trafficability tests of the following vehicles' Dodge Power Wagon, Vickers
Hover Truck, M3T 3/4-ton truck, Spryte, XM-561, Rolligon, M116, and XM5Tl. The
details of tasks involving the design and operation of instrumentation systems

for research and development related to vehicular trafficability are reported.
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12 A&STRACT

This computer study has shown that ground mobility and ride dynamics can be
accurately computed by using a digital computer. The study furcher indicates
that the accuracy of the comnputer analysis is dependent upon the degree of
care exercised in describing the vehicle ana the hard surface terrain profile
to the computer. The most accurate way to describe most hard surface terrain
profiles is with a table of field survey data. The computer, by using table-
look-up and linear interpolation, can easily compute vehicle forcing functiolls.
The study hads shown that vehicle m.Athenatical models can bc accurately de~veloped
by describing the motions of the veaicle by a series of differential equations.
Actu~al descriptions af the vehicle and suspension are required for an accurate
conputer solution. The dynanic force-rate tables for the shocks and force
deflection tables for the springs are important inputs to the computer program.
A cuiauter soiutlon for vehicle ride dynamics can acc~urately compute vehicle
reaponseb frcm careful descriptions of the hard-surface terrain profile and
vehicle assemply.

KEYWORDS: Computerized models; Microgeometry; Mobility; Ride dynamics
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wa,-s Dxperiment Station, Corps of Rn- U, S. Armiy Materiel Command
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60. A&STRACT

The stat~e-of-the-art of off- oad vehicle design, especially of military vehicles, is
surveyed with particuiar reference to those design elements whic.h espe.Atally distin-
guish off-road vehicles pOrom related equipment. Tkae procedures~ by which off-road
military vehicles advance from concept and/or requi'e~ment to field issue are also
reviewed, and some relations between apparent technical weaknesses wan the adminis-
trative procedures are pointed out. It ia concluded that to provide the more mobile
vehicles needed by the Army in the field in Southeast Asia a complete second family
of off-road military vehicles is required--an integrated, compatible system of
vehicles optimized for operations in Southeast Asia rather than in Europe, as is cur
present standard fleet. Organizationa3. changes which would speed such an approach
are suggested.

KEYWORDS: Military vehicles; Off-road mobility; State-of-the-art
studies; Vehicle design; [Southeast Asia]
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11 SUPPL(SI(NTAXY NOTES 12 spo"110141" "MLIT ay ACTIVITY

__________________________ jWaterways Experiment Station
A rest: rch progruim was conducted "to determine feasibility of measuring moisture con-
tent of coils by measuring the amounc. of ultraviolet light traasmis~sion through
moisture contained in a soil analog encased in a quartz-g;'anule wafer emplaced in the
soil." Results obtained from many combinations of soil an~alogs and system geometry
indicate that the concept is operationally impractical. Eeleated iq.trumentation de-
veloped for the program was reapplied to pursue investigation 'of prszsising vaiiatioiis
or the inxLtial concept. One variation involved critical ai~gle refractometry. Under
labor-itory conditions, refractometer-type systems repeatealy yielded signal oi.tputs
directly corrc~lative with the percent (moisture) saturation of all soil samplt s pro-
vided. Thii performance was achieved independent of soil temperature and variations
in inci,;x or ref'raction o1' the soil moisture. Field testing of crit~ical arele rcfrac-
tnmeterc; 1:i nceejoary for establishing the nceformance of, and apscifilcationa for,
any operational unito. A promising configuration for field test units was p~repared.
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Prepared under contract with U. S. Army U. S. Army MLteriel Command
Engineer Waterways Experiment Station, Washington, D. C.
CE, Vicksburg, M1iss.

Three near-modal test sites were established on each of the five soil series (Willam-
ette, Woodburn, Amity, Concord, and Dayton) of the Willamettkv Catena in western Oregon.
Field and laboratory tests on soils from the 15 test sites were initiated in the fall
of 1963 and terminated in the summer of 1965. The objectives of the study were to
(a) determine whether particular water table regimes are associated with specific soil

ypes, (b) achieve the capability for appraising water table regimes from soil morpho-
logical information. and (c) gain background knowledge needed in the development of
prediLtion methods for water table depths, soil moisture contents, and soil strengths.
Data obtained daily at each site included maximum and m.nimmm air temperatures,
precipitation, groundwater depths, and electrical resista'nce measurement of soil
moisture content and temperature. Data obtained ;eriodically included gravimetric
soil moirt ,re contents, soil strengths, and the sta•t of the ground and vegetation.
Data coll-..:tr.: at an opportune time during the course of the study included Atterberg
li=its. grain-size distributioni, specific gravities, organic matter contents. moisture
contents at apf-n:fied tensions, dry densities, site descriptions, and soil profile
descriptionr. The data above have been condensed in tF~bular and graphic form for
presentation herein. Also included are brief descriptions of the geology, topography,
paiysiography, cli.mate, soils, and land use of the study area. Corrected soil aois-
ture unit readings and corresponding gravimetric soil moisture measurenents are
ircluded in Appendix A. An analysis of the data is to be presented in Volutae II of
this report.
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Engineer Waterways Experiment Station, CE, Wshigtn D. Maeil. omn
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Three near-modal test sites were establir~ed on each of the five soil series ('Wil-
lamette, Woodburn, Amity, Concord, and Dayton) of the Willamette d-inage sequence in
western Oregon. Field and laboratory tests on soils from the 15 test sites were
initiated in the fall of 1963 and terminated in the summer of 1965. The objectivc.
of the study were to (a) determine whether particular water table reg.imes are assx I-
ated with specific soil types, (b) achieve the capability fot ap-?raisirg water tal-,
iegimes from soil morphological informatiorn, and (c) gain background knoi..e".ge nre d
i.- the development of prediction methods for water table depths, soil mo,.-..ure con-
'ents, and soil strengths. Data obtained daily at each site included maximum and
minimum air temperatures, precipitation, groundwater depths, and electrical rcsi0l nce
measurements of soil water content and temperature. Data obtained periodically in1-
cluded gravimetric soil water contei~ts, soil strengths, and the state of' the grouni
and vegetation. Data collected at opportune times during the couxse of the study .n-
cluded Atterberg limits, grain-size distributions, specific gravities, organic mat~er

contents, water contents at specified tensions, Ory densities, s:ite descriptions, 'Ind
soil profile descriptions. These data have been presented in Volume I of the repor..
The analysis of the data is presented he-emn. Included is a frequency analysis of he

k wnter table conditions are related to morphological soil profile characteristics. t
1.. shown how water table regimes may be inferred from morphological _,z-onaat.on,
KEYWORDS: Soil analysis; Trafficability; Water table ,;;:ricticn;
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This report is based on studics of 11 sites in the Big Bend area of northwest Florida
and four sites in the Florida Keys. For each site, parallel profiles perpendicular to
the shoreline and spaced at 5- to 10-meter intervals were constructed, and for most
sites radial profiles ,'t 150 intervals were- also prepared. Investigations were made of
surface geometry, stils trafficability, and vegetation in connection with the beach
sites, using the pre-existing WES sampling techniques and descriptive systems, Contour
maps, showing location of the profiles, vegetation, and locations where trafficability
data were taken, were prepared for each site. A descriptive and a classification syste
are developed. Appendices contain large-scale contour naps and profiles of each site,
trafficability and vegetational data, and aerial and ground photographs. A detailed
discussion of alternative field methods used, with their relative advantages and dis-
advantages is presented. The following conclusions are stated: (a) The land-sea
boundary zone represents a unique factor family. Setting it apart are the constant
changes which It undergoes, the most important of which are tidal fluctuations, and the
linearity of structural elements. (b) Most beaches and tidal flats consist of fine
sand with a median diameter of 0.3 mm. Sorting on the beaches is excellent, pocrer on
the tidal flats. (c) Cone penetrcmeter readings on all the beaches are highly erratic.
Tables, maps, illustrations. Six appendices.
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I3 ABSTRACT This report covers the study of 12 sea-land boundary sites on tne

western side of peninsular Florida. The sites were chosen to be representative
of low-energy, marshy coasts. The report presents verbal descriptions of the sites

appendix. Hovever, tne sites are act classified by the system presented in the

appendices. Tne following conclusions are presented: (a) Environment of the
study area is a resultant of the geology and climiate, and of the vegetation produceý
by geology and climate. (bt) The sites are made up of the following elements:
tidal flats, toporraphic higns (barlike features) separatins tidal flats fron
marsnes; mars..es vito tidal coiarn.oes 3.nd hamrmocks (topographic higns with dense
vegetative cover). (c) Soils are preaoorinantly poorly graded sands vita adnmixture,

of peat in tne marshes, vhico latter become critical trafficability obstacles.

aryzon ca berelatively easily penetrated by personnel familiar with the terrain
(e) he ide onthe investigated area are mixed. Tidal ranges are acoout 1 meter,

F but higoer and lower ranges occur. Velocities and directions of current in toe
tidal c-annels are erratic, Tables, maps, illustrations and appendices.ý
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